aridja 
ee 


rj 


Sadeghil 
Mukhe 


am 


bd 
Sundeep 


Electrochemical and Corrosion 
Behavior of Metallic Glasses 


Vahid Hasannaeimi, Maryam Sadeghilaridjani, 
and Sundeep Mukherjee 


Electrochemical and Corrosion 
Behavior of Metallic Glasses 


MDPI ¢ Basel * Beijing e Wuhan * Barcelona * Belgrade * Manchester * Tianjin e Tokyo ® Cluj 


AUTHORS 

Vahid Hasannaeimi, Maryam Sadeghilaridjani and Sundeep Mukherjee 
Department of Materials Science and Engineering, 

University of North Texas, 

Denton, Texas 76203, USA 


EDITORIAL OFFICE 
MDPI 

St. Alban-Anlage 66 
Basel, Switzerland 


For citation purposes, cite as indicated below: 


Hasannaeimi, V.; Sadeghilaridjani, M.; and Mukherjee, S. Electrochemical and Corrosion Behavior of 
Metallic Glasses; MDPI: Basel, Switzerland, 2021. 


ISBN 978-3-03943-724-5 (Hbk) 
ISBN 978-3-03943-723-8 (PDF) 


doi:10.3390/books978-3-03943-723-8 


Cover image courtesy of MDPI. 


© 2021 by the author. The book is Open Access and distributed under the Creative Commons Attribution 
license (CC BY-NC-ND), which allows users to download, copy and build upon published work non- 
commercially, as long as the author and publisher are properly credited. If the material is transformed or 
built upon, the resulting work may not be distributed. 


Contents 


About the Authors 


Preface 


CHAPTER 1 
Introduction to Corrosion 


1.1. Introduction 

1.2. Passivity 

1.3. Types of Corrosion 

1.3.1. Uniform Corrosion 

1.3.2. Pitting Corrosion 

1.3.3. Crevice Corrosion 

1.3.4. Galvanic Corrosion 

1.3.5. Stress Corrosion Cracking (SCC) 
1.3.6. Corrosion Fatigue 

1.3.7. Intergranular Corrosion 

1.3.8. Erosion Corrosion 

1.3.9. Selective Leaching (Dealloying) 
1.3.10. Cavitation 

1.3.11. Fretting Corrosion 


1.4. Thermodynamics and Kinetics of Corrosion 


1.4.1. Thermodynamics of Corrosion 
1.4.2. Kinetics of Corrosion 

1.4.2.1. Weight Loss 

1.4.2.2. Electrochemical Techniques 


1.4.2.3. Potentiodynamic Polarization 


1.4.2.4. Electrochemical Impedance Spectroscopy (EIS) 


1.5. Corrosion Prevention and Control 


1.5.1. Design Modification 
1.5.2. Inhibitors 

1.5.3. Coatings 

1.5.4. Material Selection 


References 


ix 


xi 


NO O O ON "d DD GO Ua a 4A 4 Q Oo NY NY H 


m å m e e e ua 
A OU 0 WN NY o 


CHAPTER2 
Metallic Glasses and Rapid Solidification 


2.1. Metallic Glass Synthesis 

2.2. Processing and Microstructure Characterization 
2.3. Applications of Metallic Glasses 

2.4. Corrosion Mechanisms in Metallic Glasses 


References 


CHAPTER 3 
Zirconium (Zr)-based Bulk Metallic Glasses and Their Composites 


3.1. Zr-based Bulk Metallic Glasses 

3.2. Corrosion Behavior of Zr-Based Metallic Glasses 
3.3. Effect of Alloying Elements 

3.3.1. Effect of Copper (Cu) Addition 

3.3.2. Effects of Niobium (Nb) and Cobalt (Co) Addition 

3.3.3. Effect of Silver (Ag) Addition 

3.3.4. Effect of Rare-Earth (RE) Elements Addition 

3.4. Combined Effects of Mechanical Loading and Corrosion 
3.5. Effects of Structure and Crystallinity 

3.6. Zr-Based Bulk Metallic Glasses Composites 

3.7. Effect of Test Environment 


References 


CHAPTER 4 
High-Density Metallic Glasses 


4.1. Iron (Fe)-based Metallic Glasses 
4.1.1. Effect of Alloying Elements 

4.1.1.1. Effect of Chromium (Cr) Addition 
4.1.1.2. Effect of Molybdenum (Mo) Addition 
4.1.1.3. Effect of Other Metals 

4.1.1.4. Effect of Metalloid Addition 

4.1.2. Effects of Structure and Crystallinity 
4.1.3. Effect of Test Environment 

4.2. Ni-Based Metallic Glasses 

4.2.1. Effect of Alloying Elements 

4.2.2. Effects of Structure and Crystallinity 


17 


17 
18 
20 
20 
21 


25 


25 
25 
26 
26 
28 
28 
29 
29 
29 
30 
31 
33 


43 


43 
43 
44 
45 
46 
46 
47 
48 
52 
52 
53 


4.2.3. Effects of Test Environment 

4.3. Cobalt (Co)-Based Metallic Glasses 
4.4. Copper (Cu)-Based Metallic Glasses 
4.4.1. Effect of Alloying Elements 

4.4.2. Effect of Test Environment 

4.5. Chromium (Cr)-Based Metallic Glasses 


References 


CHAPTER 5 
Low-Density Metallic Glasses 


5.1. Titanium (Ti)-Based Metallic Glasses and Composites 
5.1.1. Effect of Alloying Elements 

5.1.2. Effects of Structure and Crystallinity 

5.2. Ti-Based Bulk Metallic Glass Composites 

5.3. Magnesium (Mg)-Based Metallic Glasses 

5.3.1. Effect of Alloying Elements 

5.3.2. Effects of Structure and Crystallinity 

5.3.3. Mg-Based Metallic Glass Composites 

5.4. Calcium (Ca)-Based Bulk Metallic Glasses 

5.5. Aluminum (AD-Based Bulk Metallic Glasses 


References 


CHAPTER 6 
Noble Metal- and Rare-Earth-Based Metallic Glasses 


6.1. Noble Metal-Based BMGs 
6.2. Rare-Earth Elements-Based BMGs 


References 


CHAPTER 7 
Concluding Remarks 


54 
54 
55 
55 
57 
57 
58 


67 


67 
68 
68 
69 
71 
72 
73 
73 
74 
74 
75 


81 


81 
82 
83 


87 


About the Authors 


Vahid Hasannaeimi obtained his Ph.D. in Materials Science 
and Engineering from the University of North Texas (2019), 
where he studied electrochemical and catalytic behavior of 
| metallic glasses. He is currently a Postdoctoral Research 
Associate in the Department of Materials Science and 
Engineering at UNT. He received his M.S. from Tarbiat 


Modares University (2011) in Materials Science and 
Engineering, where he worked on the development of corrosion-resistant 
nanocomposite coatings. His research interests include surface degradation 
mechanisms in materials, functional and structural coatings, and in situ corrosion 
mechanisms in multiphase alloys. 


" Maryam Sadeghilaridjani is currently a Postdoctoral Research 
^ — Associate in the Department of Materials Science and 
—. Engineering at University of North Texas. Prior to joining 
, UNT, she worked as a Postdoctoral Fellow at Tohoku 
i University, Japan. She received her Ph.D. from Tohoku 
University (2016), M.S. (2009), and B.S. (2006) from the 
University of Tehran, Iran. M. Sadeghilaridjani's research 


interests include processing and characterization of metallic glasses and multi- 
principal alloys including small-scale mechanical and corrosion behavior. 


University of North Texas. Prior to joining UNT, he worked as 
a Postdoctoral Research Associate at Yale University (2011- 
* — 2012) and Senior Engineer at Intel Corporation (2005-2011). 
— .. Prof Mukherjee received his B.S. (1998) from Indian Institute 
of Technology, M.S. (2003) and Ph.D. (2005) from California 
Institute of Technology. Prof Mukherjee has published more than 100 papers in 


reputed international journals and given many invited talks and keynote lectures at 
conferences and universities. He has organized symposiums in several international 
conferences and serves on the editorial board of three journals. His research interests 
include structure-property relationships in metallic glasses and concentrated alloys. 


Preface 


Metallic glasses are multi-component metallic alloys with disordered atomic 
distribution, unlike their crystalline counterparts with long range periodicity in the 
arrangement of atoms. This amorphous microstructure in metallic glasses leads to 
unique and exceptional properties including high strength and hardness, superior 
wear and corrosion resistance, and soft magnetism, to name a few. In addition, 
metallic glasses may be thermoplastically processed in the supercooled liquid region 
above their glass transition temperature and net-shaped into complex geometries in 
a wide range of length scales not achievable using conventional methods. There are 
numerous technical papers on synthesis, processing, and properties of metallic 
glasses. These include many different alloy systems, various synthesis routes, and 
characterization of their mechanical, physical, chemical, and magnetic properties. 
Metallic glasses of different compositions are being commercially used in bulk form 
and as coatings because of their excellent corrosion resistance. One may 
“simplistically” attribute this characteristic to their amorphous structure with no 
grains/grain-boundaries and chemical homogeneity down to the atomic scale. 
However, the corrosion behavior of amorphous alloys with slightly dissimilar 
chemistries has been reported to be vastly different, indicating that there is limited 
understanding of the underlying electrochemical mechanisms. 

This book was written with the objective of providing a comprehensive 
overview of the electrochemical and corrosion behavior of metallic glasses in a wide 
range of compositions. Corrosion in structural materials leads to rapid deterioration 
in the performance of critical components and serious economic implications, 
including property damage and loss of human life. The discovery and development 
of metallic alloys with enhanced corrosion resistance will have a sizable impact in a 
number of areas including manufacturing, aerospace, oil and gas, nuclear industry, 
and load-bearing bio-implants. The corrosion resistance of many metallic glass 
systems is superior compared to conventionally used alloys in different 
environments. In this book, we discuss in detail the role of chemistry, processing 
conditions, environment, and surface state on the corrosion behavior of metallic 
glasses and compare their performance with conventional alloys. Several of these 
alloy systems consist of biocompatible and non-allergenic elements, making them 
attractive for bioimplants, stents, and surgical tools. To that end, critical insights are 
provided on the biocorrosion response of several metallic glass systems in simulated 
physiological environments. 


xi 


The book begins with a short introduction on the theoretical concepts of 
corrosion and different types of corrosion. The thermodynamics and kinetics of 
electrochemical processes are discussed, followed by common techniques for 
measuring the corrosion rate. Finally, various strategies for corrosion prevention are 
presented, including design modification, use of inhibitors, material selection, and 
use of protective coatings. 

The second chapter is related to the development of metallic glasses, their 
processing-microstructure relations, and structural and functional applications. 
Based on the importance and applications of different alloy systems, the present 
book is divided into Zirconium (Zr)-based metallic glasses and their composites; 
high-density metallic glasses, including Iron (Fe)-, Nickel (Ni)-, Cobalt (Co)-, Copper 
(Cu)-, and Chromium (Cr)-based metallic glasses; low-density metallic glasses, 
including Titanium (Ti)-, Magnesium (Mg)-, Calcium (Ca)-, and Aluminum (Al)- 
based metallic glasses; noble metal-based alloys; and rare-earth elements-based 
metallic glasses. 

For each category of alloys, in the third, fourth, fifth, and sixth chapters, the 
effects of composition, microstructure, test environment, and processing conditions 
on the corrosion performance are discussed. The biocorrosion response of several 
biocompatible metallic glasses is discussed in simulated physiological environments 
and compared with conventional crystalline alloys. The last chapter summarizes the 
latest findings on the electrochemical characteristics of metallic glasses and identifies 
several open questions and key issues in the fundamental understanding of their 
corrosion behavior. 

This work was partly supported by funding from the National Science 
Foundation (NSF) under Grant Numbers 1561886, 1919220, and 1762545. Any 
opinions, findings, and conclusions expressed in this book are those of the authors 
and do not necessarily reflect the views of the National Science Foundation (NSF). 


1. Introduction to Corrosion 


1.1. Introduction 


Corrosion is broadly defined as the chemical or electrochemical reaction of a 
material with its environment, resulting in the degradation of its surface and bulk 
properties [1]. Metals are used in a wide range of load-bearing applications and 
remain irreplaceable in many important areas due to their high strength, toughness, 
and predictable failure. However, corrosion is a major limitation in the case of metals 
because they react with the environment of use, albeit at different rates and to varying 
degrees [2]. Corrosion mitigation remains a major priority in several industries to 
prevent catastrophic failures and accidents. About 258 natural gas accidents due to 
corrosion in pipelines were reported in 2004 [2] and the numbers have continued to 
rise. This indicates that corrosion in metals is not well understood and controlled 
due to the complexity of interactions with their environment and insufficiency of 
protection methods. Corrosion-related accidents lead to major economic losses and 
are a huge concern for the safety of personnel and property. The direct annual 
cost of corrosion across the globe was reported to be approximately 3 percent of 
global gross domestic product (GDP) [3]. In the United States, it is estimated that 
US$ 2-4 trillion is lost due to corrosion-related failures each decade. However, the 
true cost of corrosion damage is likely much more and difficult to estimate. Therefore, 
the study of corrosion and its different forms is necessary to design and choose 
suitable materials for specific applications and maintain safety standards [4]. 

Corrosion may be classified in different ways such as low- and high-temperature 
corrosion or wet and dry corrosion. Wet corrosion occurs in aqueous solutions 
whereas dry corrosion typically occurs at high temperatures and in the absence 
of a liquid medium [5]. Corrosion in aqueous environments takes place by the 
electrochemical mechanism through half-cell reactions at the interface between the 
metal surface and an electrolyte, namely anodic (oxidation) and cathodic (reduction) 
reactions [6]. At anodic sites, an oxidation reaction occurs, which is the loss of 
electrons as: 

A > A™ +ne” (1-1) 


Simultaneously, a reduction process takes place at cathodic sites, which is the 
gain of electrons as [1]: 
B^* +ne — B (1-2) 


Anodic and cathodic reactions proceed at the same rate due to charge balance. 
The anodic and cathodic sites may be formed on the surface of a metal due 


to some heterogeneity (such as composition or grain size differences, surface 
roughness, impurities or inclusions, and localized stresses) or between two dissimilar 
metals exposed to the corrosive environment. In general, there are four essential 
requirements for electrochemical corrosion: (1) an anodic reaction, (2) a cathodic 
reaction, (3) presence of an electrolyte, and (4) electrical connectivity [7]. 


1.2. Passivity 


A material in a particular environment will generally show three types of 
corrosion behavior: active, passive, and immune. Active behavior refers to the 
dissolution of a material in its environment; passive indicates the formation of a 
protective surface layer which slows down the corrosion rate, while immunity refers 
to a lack of driving force for anodic dissolution in the environment. Passivity is the 
formation of a protective film on the metal surface due to chemical or electrochemical 
activity. The surface layer must be adherent and dense in order to be protective. 
Materials that are likely to form a passive layer on their surface are less affected by 
the environment. The passive film thickness in transition metals (e.g., Fe, Cr, Co, 
Ni, Mo) and their alloys (e.g., the Fe-Cr stainless steels) are tens to hundreds of 
angstroms (A) [2]. The protective film on titanium has been reported to be about 
250 A in thickness after 4 years of exposure to ambient air [2]. Passive films are 
thicker in non-transition metals (e.g., zinc (Zn), cadmium (Cd), Cu, Mg, lead (Pb)) in 
the range of thousands to tens of thousands of angstroms. The thickness of oxide 
film naturally formed under ambient conditions on aluminum is 30-40 A [2], while 
much thicker passive films (~4000 A) may be formed by anodizing techniques [2]. 
Special surface analytical techniques are necessary to study the nature of these films, 
including X-ray photoelectron spectroscopy (XPS), scattering ion mass spectrometry 
(SIMS), Mossbauer spectroscopy, and X-ray absorption spectroscopy (XAS) [2]. 


1.3. Types of Corrosion 


Corrosion may be classified based on the underlying mechanism and proceeds 
at different rates. There are two major types of corrosion: uniform corrosion and 
localized corrosion [2], as shown in Figure 1.1. In uniform corrosion (Figure 1.1a), 
a chemical reaction takes place evenly across the whole surface. Localized corrosion 
has various forms and may occur in specific areas in a material when exposed to an 
electrolyte (Figure 1.1b-k) [8]. 
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Figure 1.1. Different forms of corrosion. Source: Image by the authors. 
1.3.1. Uniform Corrosion 


Uniform corrosion is evenly distributed over the entire surface of the metal 
(Figure 1.1a). There is no preferential attack but a relatively uniform thickness 
reduction until the material ultimately fails. Homogeneous materials that do not 
form a passive layer in the corrosive environment are likely to undergo uniform 
corrosion. Since it affects a fairly large area of the metal, uniform corrosion is easier 
to detect and not considered to be dangerous as it is relatively more predictable [2,9]. 


1.3.2. Pitting Corrosion 


Pitting corrosion is the most common form of localized corrosion (Figure 1.1b). 
A pit is initiated in a very small area on the metal surface and the mechanism 
may consist of: (1) local breakdown of the passive film (pit nucleation), (2) early 
pit growth, (3) stable growth of the pit, and (4) possible re-passivation [2,9]. 
Passive metals are typically vulnerable to pitting corrosion. Pits are nucleated 
at some chemical or physical heterogeneity in the passive film such as second phase 
particles, inclusions, mechanical damage, and solute-segregated grain boundary or 
dislocation [8]. The broken surface film acts as an anode, while the unbroken part 
acts as a cathode. The localized nature of the attack makes it difficult to detect and 
predict and may lead to sudden catastrophic failure of a component. 

Pitting potential is the lowest potential where pitting corrosion may be initiated. 
The pitting potential decreases (becomes less noble) with increasing temperature, 
decreasing pH, and increasing ion concentration in chloride (C17) or bromide (Br ) 


environments [8,10,11]. With the increase in temperature, the number of local defects 
in the passive film increases, leading to a decrease in the pitting potential [8,12,13]. 
The Cl” ion attack and dissolution rate of the protective layer may be limited with 
increasing pH due to the formation of an anion-selective diffuse barrier, which may 
lead to a thicker passive film and better corrosion behavior [14]. Electrolyte velocity 
is another important parameter that has a complex effect on pitting corrosion; 304 and 
316 stainless steels undergo lesser pitting corrosion with increasing turbulence of 
solution. Aggressive ions are more likely to be swept away from the surface at higher 
solution velocity, which suppresses pit formation and thus, pitting potential shifts to 
the noble direction. Furthermore, at higher solution flow rates, the nucleated pit may 
be re-passivated and pitting potential may increase [8,15]. 


1.3.3. Crevice Corrosion 


Crevice corrosion is a form of localized corrosion that takes place in crevices 
that are wide enough for liquids to penetrate but sufficiently narrow that the liquid 
cannot flow easily (Figure 1.1c). This form of attack may be underneath seals, bolt 
heads, in overlap joints and between tubes, inside screw threads, and strands of wires. 
Crevice corrosion may also occur beneath deposits, including corrosion products 
and dust particles [2]. This type of corrosion will occur due to the difference in 
the constituent’s solution concentration, mainly oxygen. A metal within a narrow 
gap has less dissolved oxygen concentration acting as an anode, while the metal 
outside the gap, which is exposed to the bulk electrolyte, has a higher concentration 
of dissolved oxygen and acts as the cathode [2]. Materials that are passive or easily 
passivated such as stainless steels or aluminum undergo crevice corrosion in harsh 
environments containing chlorides or other salt solutions. 


1.3.4. Galvanic Corrosion 


Galvanic corrosion is an electrochemical process that occurs when two or more 
dissimilar metals are in contact in an electrolyte, in which one metal corrodes 
preferentially compared with others, as displayed in Figure 1.1d [2]. Dissimilar 
metals and alloys have different electrode potentials. The metal with the more 
negative electrode potential acts as the anode and undergoes corrosion, while the 
one with more positive potential acts as the cathode and remains un-attacked. The 
greater the potential difference, the higher the rate of galvanic corrosion. Galvanic 
corrosion is one of the most common forms of corrosion. Some examples of galvanic 
corrosion are: (1) steel pipes with brass fittings, (2) copper piping joined to steel 
tanks, (3) nickel alloy hull and steel rivets used in boats, and (4) zinc-coated screws 
in a copper sheet [2]. In certain cases, galvanic corrosion may be used for corrosion 
mitigation, known as cathodic protection [2]. 


1.3.5. Stress Corrosion Cracking (SCC) 


Stress corrosion cracking is a type of corrosion that occurs by crack initiation 
and propagation in a metal from the combined action of applied stress and a chemical 
environment (Figure 1.1e). The stresses may be internal (e.g., residual stress) or 
external (i.e., applied stress). It may result in the sudden failure of metals/alloys and 
takes place in structures under stress such as pressure vessels, bridges and support 
cables, aircraft, pipelines, and turbine blades [2]. 


1.3.6. Corrosion Fatigue 


Crack formation under the combined effect of repeated cyclic stress and a 
corrosive environment is known as corrosion fatigue as shown in Figure 1.1f. 
The mechanism for corrosion fatigue includes (1) pit nucleation in certain locations 
with high stress concentrations, (2) acceleration of both corrosion and mechanical 
degradation, and (3) hydrogen absorption from the environment resulting in 
embrittlement. Corrosion fatigue may occur in vibrating structures such as bridges 
and aircraft wings. Furthermore, orthopedic implants for knee and hip replacements 
in the human body may also experience corrosion fatigue under cyclic stresses [2]. 


1.3.7. Intergranular Corrosion 


Corrosion taking place at or near grain boundaries is referred to as intergranular 
corrosion, as depicted in Figure 1.1g. Grains that undergo corrosion fail to resist 
stresses due to the weakening of cohesive forces between them and these result 
in a catastrophic reduction in mechanical strength and toughness. Impurity or 
elemental segregation at the grain boundaries typically results in intergranular 
corrosion. The 304 grade of stainless steel is vulnerable to intergranular corrosion 
when heated up to the temperature range of 425-790 °C, which is known as sensitization. 
During sensitization, carbon diffuses to the grain boundaries and combines with 
chromium to form chromium carbide precipitates. This decreases the chromium 
content locally from the areas in and adjacent to the grain boundaries to less than 
12 at. % Cr required for passivation. Localized intergranular corrosion also occurs in 
certain aqueous environments [1,2]. 


1.3.8. Erosion Corrosion 


Erosion corrosion is initiated due to the rapid movement of a corrosive 
liquid against a metal that attacks the surface. It consists of both mechanical and 
electrochemical processes (Figure 1.1h) [9]. Erosion corrosion may damage the 
passive film formed on the surface of a metal as well as the base metal. The 
mechanism for erosion corrosion includes: (1) surface impingement by the flowing 
liquid, (2) increased turbulence, and (3) wearing of the surface due to moving 


parts [9]. Erosion corrosion may occur in pumps, turbine parts, propellers, valves, 
heat exchanger tubes, bends, nozzles, and equipment exposed to fast-moving 
liquids [9]. Suspended solids in a liquid may also be a source of erosion corrosion as 
in coal slurry pipelines [2]. 


1.3.9. Selective Leaching (Dealloying) 


The preferential removal of one or more elements from a solid solution alloy in 
the presence of an electrolyte as a result of an electrochemical oxidation reduction 
process is called selective leaching or dealloying, as illustrated in Figure 1.1i. 
Alloys composed of elements with a large difference between their electrode 
potentials are susceptible to selective leaching. The less noble elements dissolve 
in the electrolyte, resulting in a porous structure on the alloy surface. Selective 
leaching may be either uniform or localized. Some common examples of selective 
leaching include preferential removal of zinc from brass (dezincification) and iron 
from gray cast iron (graphitic corrosion) [2,5]. Decarburization (selective leaching 
of carbon), dealuminumification (selective removal of aluminum), decobaltification 
(selective removal of cobalt), and denickelfication (selective leaching of nickel) are 
other kinds of dealloying. 


1.3.10. Cavitation 


Cavitation corrosion results from the collapsing of gas bubbles formed in 
low-pressure zones when they rapidly enter a high-pressure zone and impact against 
the metal surface (Figure 1.1j). This form of attack occurs at high-flow velocities and 
under dynamic conditions near a metal surface and induces high local stresses and 
plastic deformation. Cracks are initiated and subsequently, particles from the material 
are removed. This form of corrosion may occur in water turbines, ship propellers, 
pump rotors, on hydrofoils, and on other surfaces subject to high-velocity flowing 
liquid, where the pressure suddenly changes [2]. 


1.3.11. Fretting Corrosion 


Fretting corrosion (Figure 1.1k) involves the deterioration of contacting metals 
subjected to load when sliding against each other. Here, mechanical load plays a 
critical role in addition to the electrochemical processes. The mechanism of fretting 
corrosion is attributed to fine particles or fragments being released from one or 
both materials by adhesive wear. These fragments oxidize, forming hard debris 
which wear and destroy the metal surface. Fretting corrosion may also occur due 
to oxidation of the metal surface with relative motion between the parts. The oxide 
layer on the metal surface is removed by rubbing two surfaces against each other, 
exposing fresh and active metal surfaces, which oxidize again. This form of corrosion 


is typically seen in joints, press fits, vibrating equipment, joining rods, or springs. 
Fretting corrosion may also be active in orthopedic implants in the human body [2]. 
1.4. Thermodynamics and Kinetics of Corrosion 


The thermodynamics and kinetics of the corrosion process determine whether a 
metal used in a given environment will corrode and the rate at which this takes place. 


1.4.1. Thermodynamics of Corrosion 


Thermodynamics predicts the tendency of a metal to corrode in a particular 
environment and the direction of an electrochemical reaction [8,16]. The Gibbs free 
energy change (AG) associated with an electrochemical reaction is calculated as [5]: 


AG = -nFE (1-3) 


where n is the number of involved electrons in the anodic-cathodic reaction, F 
is Faraday’s constant (=96,500 Coulomb/mole), and E is the electrode potential. 
Under standard conditions, the standard free energy of the reaction (AG) is related 
to the standard electrode potential (EP): 


AG? = -nFE° (1-4) 


Gibbs free energy change is the driving force for an electrochemical 
reaction. The thermodynamics of corrosion may be evaluated using potential-pH 
plots (Pourbaix diagrams), which are available for most common metals [17]. 
Such diagrams are constructed based on the Nernst equation: 


AG = AG9 + RTINQyeaction (1-5) 


where Qyeaction is reaction activity, R is the gas constant, and T is the temperature. 
The typical reaction for a galvanic cell is: 


bB-EeC dues > pPHIQ +... (1-6) 


The above equation means that p moles of the component P and q moles of the 
component Q, etc., are formed as a result of the reaction of b moles of the component 
B plus c moles of component C, etc. Qyeaction in Equation (1-5) is given by: 


(1-7) 


Qreaction = 


where a is the activity of p moles of substance P [1]. 


Pourbaix diagrams are valuable in evaluating the activity of a metal or alloy 
in a corrosive environment. These diagrams show the regions of relative stability 
of the different phases in the system [17]. Figure 1.2 depicts the Pourbaix diagram 
for aluminum, showing the regions where Al (solid), Al;Os or Al(OH)s (solid), 
Al°* ions, and [AlO2]~ or [Al(OH),]” ions are stable [17,18]. The region on the 
Pourbaix diagram where the stable species is a dissolved ion is labeled as a region 
where corrosion occurs (Regions 2 and 4). The region of passivity is where the stable 
species is either a solid oxide or a solid hydroxide, in which the metal is protected 
by a surface film (Region 3). The region where the metal is unreacted is considered 
as the region of immunity (Region 1). The Pourbaix diagram for aluminum shows 
that corrosion may take place in highly acidic and highly alkaline conditions and a 
protection film may be formed at pH between 4 and 9 [2]. 
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Figure 1.2. Pourbaix diagram of aluminum (Al) showing four different regions as 
Region (1) indicating immunity, Region (2) indicating acidic corrosion, Region (3) 
indicating passivation, and Region (4) indicating alkaline corrosion (redrawn from 
references [17,18]). 


The application of Pourbaix diagrams in corrosion studies may be related to: 
(1) understanding of a metal's immunity to uniform corrosion in an electrolyte, 
(2) determining the passivity region of a metal over a wide range of pH and potential, 
(3) assessing the possible use of oxidizing inhibitors of corrosion, and (4) studying of 
localized corrosion cells [2,17]. Despite their advantages, Pourbaix diagrams have 
several limitations including: (1) assumption of equilibrium condition, (2) not useful 
for determining corrosion rates, (3) used mostly in the context of metals and not 


alloys, (4) all oxides or hydroxides are considered as passivity promoters, (5) do not 
consider localized corrosion, and (6) typically, these diagrams are available only for 
room temperature [1,2]. 


1.4.2. Kinetics of Corrosion 


Pourbaix diagrams are useful for predicting the tendency for corrosion but do 
not give any information about the corrosion rates. Corrosion rates are measured 
typically by weight loss and/or electrochemical techniques. 


1.4.2.1. Weight Loss 


A simple direct experiment for quantifying corrosion rate is by weight loss 
measurement. The exposure of a clean weighed piece of material to the corrosive 
environment for a specified time leads to a reduction in its weight. The corrosion 
rate (CR) is then calculated as [19,20]: 


CR = — (1-8) 


where k is a constant, Aw is the change in weight, p is density, A is the sample 
exposure area, and t is the exposure time. 


1.4.2.2. Electrochemical Techniques 


Electrochemical techniques are widely used for the study of corrosion behavior 
of materials in a variety of media. The primary electrochemical techniques that have 
been developed to measure the corrosion behavior of metals/alloys in an accelerated 
way include potentiodynamic polarization (Tafel analysis) and electrochemical 
impedance spectroscopy (EIS). 


1.4.2.3. Potentiodynamic Polarization 


Potentiodynamic polarization is a well-known electrochemical technique to 
study the corrosion mechanism and corrosion rate of materials using a potentiostat. 
Typically, three electrodes are used in this method, including (1) the sample as the 
working electrode, (2) a counter (auxiliary) electrode (such as platinum (Pt)) to 
provide the applied current, and (3) another electrode as a reference electrode (such 
as saturated Calomel or Ag/AgCl) to measure the potential. The corrosion potential 
and corresponding logarithm of current/current density are plotted, as shown 
schematically in Figure 1.3. The current represents the cathodic (region A in Figure 1.3) 


or anodic (regions B-D in Figure 1.3) reactions onthe working electrode. The corrosion 
rate may be calculated using Faraday’s law as [9]: 


| nFW 
=- M 


(1-9) 


where Q is the electrical charge (coulomb), F is Faraday’s constant 
(96,500 coulombs/mole), n is the number of electrons involved in the electrochemical 
reaction, W is sample weight (g), and M is molecular weight (g). Based on 
Equation (1-9), the CR is calculated as: 


_ QM  Q(EW) _ ixt(E.W.) bi 


hr nF nF F 


k X icorr(E.W.) 
p 
where mpy is the unit of corrosion rate in milli-inches (mils) per year, k is constant, icorr 
is the corrosion current density (uA.cm7*), E.W. is the equivalent weight (g), and p is 
the density (g.cm^? ). The corrosion current density (icorr) may be determined from 


CR (mpy) — (1-11) 


Tafel analysis by drawing tangents to the anodic and cathodic curves. The intersection 
of cathode and anode Tafel slopes determines the icorr and the corrosion potential 
(Ecorr), as shown in Figure 1.3. There are a number of important features on the curve 
in Figure 1.3. Region A involves a cathodic reaction and region B is the active region. 
Region C is known as the passive region in which the current density decreases 
with increasing potential until a low passive current density (ipass) is reached, as 
shown by point I. The potential at point I refers to the passivation potential (Eyassive)- 
At point II, the applied current rapidly increases due to pitting (localized breakdown 
of passivity) or transpassive dissolution. This region is called the transpassive region 
(region D) [5]. A given system may contain some, but not necessarily all, of the 
features in the polarization scan shown in Figure 1.3. 


1.4.24. Electrochemical Impedance Spectroscopy (EIS) 


EIS represents a non-destructive technique to determine the corrosion 
performance of a wide range of materials within short periods. From EIS, the 
corrosion rate, electrochemical mechanism, and effectiveness of corrosion control 
methods may be evaluated [21]. Three electrodes (i.e., counter, reference, and working 
electrodes) are used in the EIS method similar to potentiodynamic polarization tests. 
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Figure 1.3. Schematic of polarization curve showing cathodic (region A), active 
(region B), passive (region C), and transpassive (region D) regions. Point I represents 
passivation potential, while point II represents pitting potential. 


In EIS, the impedance of the electrochemical system is recorded as a function 
of frequency. A small amplitude alternating current (AC) signal is applied to the 
system to probe the impedance characteristics of a cell. Impedance (Z) determines the 
amplitude of current for a given voltage and is analyzed as a function of frequency 
(w) as [1,22]: 


Z(w) = —— (1-12) 


where E is the voltage (E = E? sin(wt)), I is the current density (I = I? sin(wt + ¢)), 
t is time, and @ is phase shift. Z is described by the real component (Z’) and the 
imaginary component (Z^) as: 


Iz? = (Z'Y +(Z”)? (1-13) 


The most commonly used electrochemical impedance plot is known as the 
Nyquist plot, with -Z" plotted versus Z’ (Figure 1.4). The impedance curves are used 
to obtain the electrical circuit elements, shown in the inset of Figure 1.4; R; is the 
solution resistance, Cg is the double layer capacitance, and Ry, is the polarization 
resistance. Figure 1.4 shows a single capacitive semicircle, the radius of which is used 
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to interpret the corrosion behavior. A wider semicircle represents better corrosion 
resistance (larger R,) and vice versa. 


- Imaginary Z (-Z”) 


Real Z(Z’) 


Figure 1.4. Nyquist plot obtained from the electrochemical impedance spectroscopy 
(EIS) test with -Z" plotted versus Z’. 


1.5. Corrosion Prevention and Control 


Corrosion prevention/protection may be accomplished by several methods such 
as design modification, inhibitors, coatings (cathodic protection or noble metal), 
and material selection [2]. The selection of one strategy or a combination thereof 
depends on the type of corrosion, the cost, nature of the material, and the working 
environment [2]. 


1.5.1. Design Modification 


An appropriate design of a component may be used to prevent/retard corrosion. 
For instance, it is important to minimize areas where water may be trapped and 
accumulate leading to localized corrosion. Drilling holes in structures for proper 
drainage may help to address this issue. Another design strategy is not to use 
wood, paper, cardboard, open-cell foams, and sponge rubbers in high humidity 
environments as they absorb moisture and trigger corrosion in metallic parts. One way 
to prevent galvanic corrosion in structures is to insulate dissimilar metals/alloys 
by using coatings at their interface. Removing sharp corners may be beneficial in 
reducing crevice corrosion. It is critical to minimize unapproachable areas so that 
they are easily accessible for cleaning and maintenance [23]. 
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1.5.2. Inhibitors 


A corrosion inhibitor is a chemical (organic or inorganic) which is added to a 
solution, typically in small concentrations, to increase the corrosion resistance of 
a metal exposed to a corrosive environment [24]. The mechanisms for decreasing 
corrosion rate using inhibitors include altering the pH, retarding the cathodic and/or 
anodic processes, and formation of a passive layer [25]. Inhibitors may increase the 
pitting potential and decrease the number of corrosion pits per unit area as well as 
their growth rate. Inhibitors generally increase the time for crack initiation while 
decreasing the crack growth rate in stress corrosion cracking [2]. 


1.5.3. Coatings 


(i) Cathodic protection: cathodic protection is a method used to prevent the 
corrosion of a metal surface by making it relatively cathodic in an electrochemical 
cell. By appropriate selection of metal pairs such as the use of an outer layer of 
zinc on steel substrate (galvanized steel), coatings may be employed as a method 
for corrosion protection. Since zinc has a more negative electrode potential than 
steel, it acts as an anode and steel is protected by the sacrificial dissolution of 
zinc [2]. 

(ii) Noble metal coatings: coating of nickel on steel is an example of noble metal 
coatings, since the electrode potential of nickel is more positive than that of 
steel. However, when defects are initiated in the noble metal coating, the steel 
substrate may undergo localized corrosion [2]. 


1.5.4. Material Selection 


One of the most effective approaches for corrosion protection in a particular 
environment is choosing metals/alloys which are either unreactive or form a passive 
layer [2]. For instance, addition of more than 12 at. % Cr increases the corrosion 
resistance of steel due to the formation of a stable passive film. Titanium and its alloys 
and molybdenum-containing alloys are more corrosion resistant than conventional 
stainless steels. The presence of nitrogen in alloys which contain molybdenum is 
also favorable to corrosion resistance [2]. 

Some strategies for minimizing specific types of corrosion include: 


(i) Galvanic corrosion: This may be avoided using metals with less electrode potential 
differences, using an insulator or coatings to separate the parts in galvanic pairs, 
avoiding the area effect caused by a small anode attached to a large cathode, 
using a third metal which is anodic with respect to the two metals in contact, 
and removing moisture between metal contacts [2,5]. 

(ii) Crevice corrosion: Crevice corrosion may be controlled by several ways including 
appropriate material selection, avoiding crevices, and cathodic protection [9]. 
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(ii) Pitting corrosion: Methods to prevent pitting corrosion include material selection 
(e.g., Al-Mg, Ni-, Ti-based alloys, and sufficient addition of Cr, Ni, and Mo to 
stainless steel), cathodic protection, and changing the environment (e.g., pH, 
temperature, or concentration of species in the electrolyte) [9]. 

(iv) Fretting corrosion: Strategies to decrease fretting corrosion include using 
appropriate coatings on soft materials, applying lubricants, gaskets or sealing 
materials to impede the access of oxygen, decreasing adhesive wear, and finally, 
material selection (e.g., using hard materials) [9]. 

(v) Stress corrosion cracking (SCC): This may be controlled by decreasing the stress 
below the threshold stress for fracture, changing the environment to be less 
corrosive, cathodic protection, using inhibitors, and appropriate addition of 
alloying elements (e.g., Ni addition to Fe-18 Cr stainless steels or Mo additions 
to Fe-Cr-Ni alloys), shot peening of the metal surface to induce a state of 
compressive stress (rather than tensile stress) on the surface, and annealing to 
remove residual stresses [2,5,9]. 


Proper material selection is one of the most effective strategies to reduce the 
corrosion rate. There have been notable advances with respect to the development of 
corrosion-resistant alloys (CRAs) over the past century. Metallic glasses, also known 
as amorphous metallic alloys, hold tremendous potential as CRAs. Since the first 
discovery in 1960 [26], a series of metallic glasses based on copper, palladium, 
zirconium, titanium, iron, and magnesium have been successfully fabricated [27]. 
Iron- and nickel-based metallic glasses have been developed with corrosion resistance 
better than conventional Ni-based superalloys [28,29]. More recently, some 
amorphous alloys have shown good biocompatibility in simulated body fluids 
in addition to excellent mechanical properties. To extend the range of potential 
applications for metallic glasses, the study of their corrosion behavior in different 
environments is of utmost importance. 
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2. Metallic Glasses and Rapid Solidification 


Metallic glasses (MGs) are relatively novel engineering alloys which have 
attracted widespread interest in terms of fundamental studies as well as a range of 
applications stemming from thermoplastic processing ability and excellent properties, 
including high strength, high hardness, corrosion resistance, and soft magnetism [1,2]. 
They are very unique in terms of their manufacturing routes, atomic structure, 
processing, properties, and applications. 


2.1. Metallic Glass Synthesis 


Metallic glasses show amorphous structure with disordered atomic 
arrangement [1] unlike the periodic distribution of atoms in crystalline metals and 
alloys. The most common methods for synthesizing metallic glasses include injection 
molding, suction casting, melt spinning of glassy ribbons, and laser deposition 
for metallic glass coatings [2,3]. Their synthesis and processing require avoiding 
crystallization by preventing nucleation and growth of crystalline atomic clusters [4]. 
At a sufficiently high quench rate of the liquid, crystal nucleation is impeded and an 
amorphous structure is obtained [5]. Critical cooling rate (R.) is the slowest cooling 
rate to avoid crystallization and is one criterion for determining the glass-forming 
ability (GFA) of a metallic glass former. Alloys with a lower value of R. have 
better GFA than those with higher R. [6]. The early metallic glass compositions 
required extremely rapid cooling rates (> 10° K-s~) for obtaining amorphous samples. 
The cooling rate achieved by melt spinning technique is on the order of 101—106 K-s“1, 
and metallic glass ribbons may be produced using this method. The melt spinning 
process involves: (1) induction melting of the alloy in a crucible, (2) forcing molten 
alloy out of a nozzle located under the crucible onto a rotating wheel, typically 
made of copper, which is cooled internally, and finally, (3) rapid solidification of the 
alloy to form metallic glass ribbons (Figure 2.1). Recently developed glass-forming 
compositions require much lower cooling rates, as low as 1 K-s~!. Some empirical 
rules for stabilizing the undercooled liquid for successful bypass of crystallization 
include [4]: (1) alloying of three or more elements; (2) 12% atomic size mismatch 
between the main constituent elements resulting in "frustration" of a periodic atomic 
structure; and (3) significantly negative liquid heat of mixing as compared with 
the corresponding crystalline phase. Generally, a multi-component system with 
these features is close to the eutectic point in the phase diagram. This allows their 
fabrication in three-dimensional shapes with thicker cross-sections (up to 10 cm or 
more) and are known as bulk metallic glasses (BMGs) [5,6]. 
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Figure 2.1. (a) Schematic of melt spinning technique to prepare a metallic glass 
ribbon and (b) a metallic glass ribbon prepared by melt spinning. 


2.2. Processing and Microstructure Characterization 


Metallic glasses show fully amorphous structure free from microstructural 
features such as grains, grain boundaries, and secondary phases [7]. X-ray diffraction 
(XRD), high-resolution transmission electron microscopy (HRTEM), and differential 
scanning calorimetry (DSC) are frequently used together to characterize amorphous 
alloys. Figure 2.2 shows the structural characterization and thermal stability of an 
as-cast Zrs-Nb5Cu15.4Ni126Alıo alloy as a typical example [8]. X-ray intensity as 
a function of diffraction angle (20) for Zr57Nb5Cuy5 4Nij26Alo alloy is shown in 
Figure 2.2a. A broad diffraction peak is seen, a typical characteristic of the amorphous 
structure. Figure 2.2b shows random distribution of atoms in the high-resolution 
transmission electron microscopy (HRTEM) image and diffuse diffraction ring in the 
selected area diffraction (SAD) pattern for Zrs7NbsCuy5.4Nij26Alig alloy. DSC 
is typically used to evaluate the characteristic temperatures of an amorphous 
alloy, including crystallization temperature (Ty) characterized by an exothermic 
event and glass transition (T;) by an endothermic event. A typical DSC curve for 
Zr57Nb5Cu15.4Ni12,6Alıo BMG at a heating rate of 0.33 Ks! is shown in Figure 2.2c, 
where T and Ty are indicated on the plot. 
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Figure 2.2. Microstructure characterization of ZrszNb5Cu454Ni45?6Alj9 bulk 
metallic glass including: (a) XRD pattern with broad diffraction peak, (D) HRTEM 
image with the corresponding selected area diffraction (SAD) pattern shown as 
an inset and (c) DSC profile at constant heating rate of 0.33 K:s 1, showing the 
glass transition (T?) and crystallization temperature (Ty) (redrawn with data from 
reference [8]). 


A time-temperature-transformation (TTT) diagram is shown schematically in 
Figure 2.3 with the critical cooling rate indicated by R. [9]. Metallic glasses may be 
thermoplastically processed in the supercooled liquid region bound between T and 
Tx. Metallic glasses soften into a viscous liquid by going above the glass transition 
temperature and may be net-shaped in a suitable mold with the application of suitable 
pressure [10-12]. Typical thermoplastic net-shaping of a metallic glass is shown 
by route (1) in Figure 2.3. Due to this ability, BMGs may be formed into complex 
geometries and shapes on a wide range of length scales (macro, micro, and nano) 
not possible using conventional machining methods [10]. Many different shapes and 
structures have been manufactured utilizing the thermoplastic processing of metallic 
glasses including nanowires, honeycomb structures, and micro-gears [11-13]. 
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Figure 2.3. Schematic of a time-temperature-transformation (TTT) diagram for 
a metallic glass-forming alloy between the melting temperature (Tm) and glass 
transition temperature (T,). The solid blue arrows show the thermoplastic forming 
route for a metallic glass above the glass transition temperature (Tg). 
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2.3. Applications of Metallic Glasses 


BMGs have been used in a wide range of structural and functional applications. 
Due to their superior strength, high elasticity, and good tribological and corrosion 
characteristics, they are attractive as bio-implants or surgical tools [14,15]. 
The excellent soft magnetic characteristics of BMGs make them attractive as core 
materials in high-frequency transformers and magnetic shielding [16,17]. In addition, 
they are suitable for electronic devices such as surveillance systems, magnetic wires, 
sensors [18], and energy storage [19,20]. Some other applications of bulk glassy 
alloys include: (1) airplane slat truck cover [21], (2) casing in cellular phones or 
electromagnetic instruments [22], (3) high-end industrial components [23], (4) gear 
parts due to good wear resistance [24], (5) sporting equipment due to large elasticity, 
(6) mirrors due to surface smoothness, and (7) micro/nano-electromechanical systems 
(MEMS) because of attractive small-scale properties [7,21,25]. 


2.4. Corrosion Mechanisms in Metallic Glasses 


The superior corrosion resistance of metallic glasses is attributed to their uniform 
structure free from grain boundaries, dislocations, stacking faults, and intermetallic 
compounds, which often act as initiation sites for localized corrosion [7,26-28]. 
The corrosion resistance of some Co-, Ni-, and Fe-based bulk metallic glasses is 
reported to be two to four orders of magnitude better than the commonly used 
corrosion-resistant stainless steel (SUS 316L) in various corrosive environments [21]. 
The chemically homogeneous single-phase nature of amorphous alloys helps 
in the rapid formation of a highly protective passive film without preferential 
nucleation sites for corrosion attack [29-31]. In addition to atomic-level homogeneity, 
the composition of BMGs has an important role in contributing to their corrosion 
resistance. The addition of certain elements may result in the enhancement of 
corrosion resistance by the incorporation of protective elements into the passive 
film or via retarding the dissolution rate of the underlying metallic substrate [28]. 
Several studies suggest that the addition of Mo, Cr, and tungsten (W) to Fe-P-C 
metallic glasses drastically increases the corrosion resistance [32-34]. Furthermore, 
Cr-containing alloys and Zr-based alloys exhibit excellent corrosion resistance in 
saline environments when compared to crystalline metallic alloys [35,36]. 

Most of the current reviews on metallic glasses are focused on alloy development, 
mechanical behavior, and processing. There are no comprehensive reports on the 
corrosion behavior of amorphous alloys and underlying electrochemical mechanisms. 
The corrosion behavior of BMGs has a complex and interconnected dependence on 
chemistry, structure, and surface condition in a range of environments including 
acidic, basic, and simulated body fluids. In addition, due to the biocompatibility and 
non-allergic properties of some BMGs, they are attractive for medical components 
such as prosthetic implants, stents, and surgical tools. This necessitates the evaluation 
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of biocompatibility and biocorrosion response of these alloys. In addition to primary 
corrosion mechanisms in monolithic BMGs, galvanic corrosion may be seen in 
BMG composites due to preferential dissolution of the matrix or the crystalline 
dendrites depending on the chemical partitioning [26]. Since good bulk glass forming 
compositions typically consist of elements with very different nobility and large 
difference in standard electrode potentials (e.g., Au-Si, Zr-Cu, or Nb-Ni), they are 
prone to preferential corrosion if there is elemental partitioning [37,38]. Diffusion in 
metallic glasses has been reported to be similar to crystalline alloys in some respects, 
including Arrhenius temperature dependence of diffusion coefficient (D), atomic 
size effect of diffusing species, and annealing effect of quenched states [39]. On the 
other hand, diffusion in metallic glasses may be significantly different from their 
crystalline counterparts based on quantitative measurements due to the presence of 
free volume and other thermodynamic considerations. Random distribution of atoms 
in metallic glasses promotes diffusion by cooperative motion of atoms rather than 
single atom jumps that are commonly observed in crystalline solids. Thus, metallic 
glasses are less prone to corrosion attacks initiated due to elemental segregation in 
comparison to their crystalline counterparts. Furthermore, these differences impact 
the diffusion of corrosive species (including hydrogen) in metallic glasses and affect 
the observed corrosion kinetics in amorphous alloys [38,39]. Depending on the 
chemistry, structural state, and processing conditions, the amount of free volume in 
metallic glasses may be significantly different. Therefore, corrosion mechanisms are 
likely to be different and unique for each amorphous system and depend on a range 
of factors including processing, environment, temperature, and pH. 
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3. Zirconium (Zr)-based Bulk Metallic 
Glasses and Their Composites 


3.1. Zr-based Bulk Metallic Glasses 


Zr-based bulk metallic glasses (BMGs) generally show excellent glass-forming 
ability (GFA) with low critical cooling rates. They have been the subject of numerous 
studies due to their promising properties and processing ability [1-9]. Some of the 
attractive attributes of Zr-based BMGs include a low Young’s modulus, high fatigue 
limit, high elasticity and strength, and good wear resistance. Biocompatibility and 
good formability make these alloys attractive for load-bearing implants such as 
artificial joints and dental prostheses [6] in complex geometries. In addition, Zr-based 
BMGs show similar or better cell adhesion and proliferation compared to commercial 
biomedical alloys [10]. 


3.2. Corrosion Behavior of Zr-Based Metallic Glasses 


The corrosion behavior of Zr-based BMGs has been widely studied in a range 
of neutral, acidic, and alkaline electrolytes. Specifically, in terms of biocorrosion 
behavior, several investigations were performed for Zr-Al-Ni-Cu and Zr-Ti-Ni-Cu-Be 
alloy systems known for their excellent glass-forming ability and good mechanical 
properties [10]. Biocompatibility and electrochemical behavior were evaluated 
for Zrg5Cuy7,5NiigAl75 BMG in phosphate-buffered solution (PBS) under different 
conditions of pH, surface finish, and Cl” concentration [11]. This amorphous system 
exhibited good corrosion resistance. Cell viability studies for another Zr-based 
BMG (Zr-10Al-5Ti-17.9Cu-14.6Ni) showed good biocompatibility similar to that 
of Ti [12]. Zr41.2 Ti13.gNi19Cuj2.5Be225 BMG (commonly referred to as Vitreloy 1) 
demonstrated better corrosion resistance than 316L stainless steel in PBS that was 
comparable to Co- and Ti-alloys [13]. However, for a biomaterial to be of practical 
use in the human body, toxic elements such as Ni and beryllium (Be) need to be 
avoided to prevent allergic reactions, despite the advantages of these elements in 
terms of corrosion resistance enhancement [14]. To that end, a series of Ni-free 
and Be-free Zr-based BMGs were developed with good GFA, biocompatibility, and 
cell viability albeit with lower corrosion resistance [15-18]. Elements with a high 
level of toxicity to cellular metabolism such as Ni, Be, and Cu may limit the use 
of alloy systems with these constituents as biomaterials [19,20]. Ni causes allergic 
reactions [21], has an anti-proliferative effect on cells [22], and is carcinogenic to 
the human body [23]. The high biocorrosion resistance of the alloys may prevent 
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metallic ions from being released into the human body, thus making them safer for 
use [24-26]. A number of Ni-free Zr-based BMGs have been developed recently 
to eliminate possible allergic response including Zr-Al-Cu [27], Zr-Al-Co-(Cu) [11, 
12,28], Zr-Al-Co-Nb [29,30], Zr-Al-Co-Ag [31], Zr-Al-Cu-Fe [32], Zr-Al-Cu-Ag [33], 
Zr-Cu-Pd-Al-Nb [34], and Zr-Al-Cu-Fe-(Ti/Nb) [35]. 

Several methods have been utilized for improvement of the corrosion behavior 
of Zr-based BMGs including changing of the surface composition or microstructure 
through micro-arc oxidation, ion-implantation, or other surface treatments [36,37]; 
lowering of free volume [38]; introduction of a second phase into the amorphous 
matrix by annealing or in situ synthesis [39]; and the addition of elements 
with strong passivation characteristics [40,41]. Some of the recently developed 
Zr-based BMGs exhibit excellent GFA, a wide super-cooled liquid region, and 
excellent biocorrosion resistance in simulated body fluid such as Zr-Nb-Cu-Pd-Al, 
Zr-Ti-Cu-Fe-Al, Zr-Nb-Cu-Fe-Al, and Zr-Co-Al-Ag [33]. 


3.3. Effect of Alloying Elements 


Alloying elements typically used for improving passivation resistance in 
metallic alloys are classified as dissolution moderators and passivity promoters [42]. 
Dissolution moderators or blockers such as Mo, Nb, Ta, and W are known to form 
strong metal-metal bonds and reduce the dissolution of elements from the surface in 
corrosive electrolytes. On the other hand, passivity promoters such as Ti, Cr, and 
Pt form weak metal-metal bonds but typically promote a high degree of oxygen 
adsorption, resulting in strong passive films on the surface. More active elements 
might be dissolved and leached from the surface in a corrosive environment with the 
enrichment of passivity promoters on the surface. 


3.3.1. Effect of Copper (Cu) Addition 


Cu-containing Zr-based BMGs have been studied extensively for their corrosion 
behavior and biocompatibility [33]. One of the most studied Zr-based amorphous 
alloy systems is Zr-Cu-Al (Zr59Cu43Al7) which does not show good pitting resistance 
in SBF [34]. This was attributed to the formation of nanocrystals on the surface, which 
accelerates dissolution by galvanic corrosion. High Cu content adversely affects 
the corrosion resistance and pitting behavior of Zr-based BMGs [43-46]. For the 
alloy system Zr-Cu-Al-(Ni-Nb, Ni-Ti, Ag) (Cu = 15.4-36 at. %), the re-passivation 
potential (Er) and pitting potential (Ep) decreased almost linearly with increase in Cu 
content, as shown in Figure 3.1, although the corrosion potential (Ecorr) was roughly 
unchanged [43]. Pit nucleation and growth in these BMGs begin with the selective 
dissolution of Zr, Al, and other valve-metals, which results in Cu enrichment inside 
the pits. Subsequently, Cu reacts with Cl” ions to form CuCl, which turns into Cu9O 
after hydrolysis [47]. The presence of local Cu-rich regions may lead to galvanic 
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cells and accelerate dissolution of the glassy phase. This may explain the observed 
low re-passivation ability in these BMGs [45,46,48-50]. The detrimental effect of 
increasing Cu content on the corrosion behavior of Zr-based metallic glasses has also 
been reported for other electrolytes including PBS [51], H25O,, HCl, and NaCl [52]. 
Binary Zr-Cu metallic glasses with 40-60 at. % Cu showed lower pitting potential 
compared to pure Zr [53,54]. The presence of regions enriched with Cu beneath 
the passive layer and the formation of chloride compounds inside the pits result in 
weakening of the surface protective film [55]. 


Potential E, V vs. SCE 


Cu Concentration, at. 96 


Figure 3.1. Pitting (Ep) and re-passivation potentials (E,) of five Zr-Cu-based 
bulk metallic glasses (BMGs; Zr-Cu-AI-(Ni-Nb, Ni-Ti, Ag) (Cu = 15.436 at. 
%)) including 2152 5Cu479Ni146Al10Tis (Vit 105) and Zrsg5Cu45,5Ni12 gAli9.3Nb28 
(Vit 106) in 0.01 M Na5SO + 0.1 M NaCl solution (redrawn data from reference [43]). 


Correlations between glass-forming ability, width of the super-cooled liquid 
region (AT), and corrosion behavior has been systematically investigated for Zr-based 
BMGs with varying Cu content [56]. The alloy with highest Cu content showed the 
lowest values of AT, and Epit and highest icorr in CI -containing solutions. This was 
attributed to the increasing chemical inhomogeneity with higher fraction of Cu. 
The increase in Zr/Cu ratio resulted in the enhancement of corrosion resistance and 
surface wettability of Zr-Cu-Al-Nb-Pd BMGs [57]. For the higher Zr/Cu ratio in the 
Zr-Cu-Al-Fe system, better biocorrosion resistance and cell adhesion compared to 316L 
stainless steel was reported, indicating high stability in the in vivo environment [58]. 
XPS results showed the formation of a stable ZrO;-rich surface layer and increase in 
Cu content (more than or equal to - 20 at. %) improved glass-forming ability [59]. 
Pit initiation and growth in BMGs with high Cu content have been attributed 
to chemical and physical heterogeneities on the surface that lead to the selective 
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dissolution of active metals such as Zr, Al, and Ni and local enrichment of Cu in the 
pits [46,47,60,61]. Many pits were reported on the surface of ZrsqgCuggAlig BMG after 
immersion in NaCl, while almost no pits were found for ZrzoCugAlgNi16 with lower 
copper content in the same solution after long immersion time [60]. 


3.3.2. Effects of Niobium (Nb) and Cobalt (Co) Addition 


Co and Nb have been reported to increase the corrosion resistance of Zr-based 
BMGs attributed to the formation of highly protective passive films on the surface [29, 
30]. Increasing Co content in the (ZrggCuyg¢Alg)100-xCox alloy system from 0 to 4 at. 
% significantly reduced the corrosion rate and increased the pitting potential [62]. 
Substitution of Co with Nb in Zrs55Alo9Co25_.Nbx (x = 0, 2.5, and 5 at. %) and 
ZrsgAligCoos Nb, (x= 1, 3, and 5 at. %) alloy systems led to widening of the 
passive region and an increase in pitting potential in PBS and Hank’s solution [63,64]. 
The effect of alloying elements such as Titanium (Ti), Chromium (Cr), Niobium (Nb), 
or Tantalum (Ta) on the corrosion behavior of amorphous Zr-Al-Ni-Cu alloys in 
HCl and NaCl environments showed that Nb had the largest effect on corrosion 
resistance followed by Ta, Ti, and Cr [65]. Specifically, the effect of Nb addition on 
corrosion performance was investigated for the Zr-Nb-Cu-Ni-Al alloy system in 
simulated body fluid [66] and for the Zr-Nb-Cu-Ag-Al alloy system in NaCl, HCl, 
and H>SOy [67]. Nb shifted the corrosion potential to more positive values and 
increased the pitting potential. With the addition of Nb, release of harmful elements 
such as Ni and Cu reduced dramatically due to the formation of protective passive 
film in artificial blood plasma (ABP) [4]. Theimprovement in corrosion resistance with 
the addition of a small amount of Nb has been reported in different environments for 
Zr-based BMG systems including Zr59Cu20Al10NigNbs [28], (CugoZiraoTi10)o5Nbs [29], 
Zr55Al59.,Coo5 Nb, (x= 0 to 5 at. %) [30], (ZrsgAl16Co28)100-x Nb, (x= 0, 2, and 4) [68], 
and Zra6.xNbxCu376Ag3.4Alg (x= 0, 0.5, 1, 2, and 4) [67]. A small addition of Nb 
increased the pitting potential and passive film stability in Ni-free Zr-based bulk 
metallic glasses [69]. XPS depth analysis demonstrated that Nb addition promoted the 
oxidation of Zr and resulted in thicker oxide films [70]. This is similar to Hafnium (Hf) 
addition that promoted the formation of passive films and enhanced the corrosion 
resistance of Zr-Cu-Ni-Al BMGs in different electrolytes [71]. Zr-Al-Co BMGs have 
been reported to have excellent corrosion resistance due to the high fraction of Zr 
and Co, both the elements promoting passivity in different media [72]. 


3.3.3. Effect of Silver (Ag) Addition 


Theantibacterial nature of Ag has long been known and therefore, incorporated in 
numerous biomaterials including orthopedic implants [73], dental casting alloys [74], 
bioactive glasses [75], and other applications [76]. Ag was introduced in some 
Zr-based amorphous alloys to improve glass-forming ability [76]. The addition 
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of Ag in the Zr-Al-Co alloy system resulted in increased corrosion resistance in 
PBS [76]. Silver containing Zr-Cu-Al-Ag amorphous alloy system shows excellent 
corrosion resistance in NaCl solution and Hank’s solution [77], which was attributed 
to the formation of a homogenous Al,O3-enriched passive film resulting from the 
presence of Ag. Cell culture studies indicated that the presence of Ag improved 
biocompatibility of Ag-containing amorphous alloys. The addition of Ag to Zr-Co-Al 
amorphous ternary system increased the pitting potential of the BMG in NaCl 
and enhanced Ecorr in H2SO4 [78] due to the formation of Zr- and Al-rich passive 
film [6,79]. 


3.3.4. Effect of Rare-Earth (RE) Elements Addition 


The addition of rare-earth elements such as yttrium (Y) has been shown 
to improve the corrosion resistance of Zr-based BMGs. Electrochemical tests 
for Zrs5Al49CusoNis and (ZrssAl49CusaoNis)oo Y1 alloys in phosphate-buffered 
saline (PBS) electrolyte showed that Y enhanced the biocorrosion resistance of 
Zr-Al-Cu-Ni BMGs by accelerating the formation of surface passive film [80]. 
Simultaneous friction and wear have been shown to accelerate Zr55 Al4j9Cua9Nis 
corrosion due to removal of the surface passive film in SBF [81]. Increase of Y 
content in the (ZrsgNb3Cuy6Nij3Ah0)100-xYx alloy system increased the pitting 
corrosion susceptibility of Zr-based BMGs in NaCl solution due to precipitation of 
copper-yttrium clusters that acted as heterogeneities [82]. Therefore, the addition of 
yttrium affected the corrosion behavior of Zr-based BMGs in different ways. 


3.4. Combined Effects of Mechanical Loading and Corrosion 


Zr-Ti-Cu-Ni-Be amorphous alloys have been shown to be susceptible to stress 
corrosion cracking and stress corrosion fatigue in NaCl solution due to the formation 
of non-protective oxide at the crack tip [83]. Corrosion fatigue life and the endurance 
limit for Zrs? 5Cu47 9Ni14, 5Al19Tis (Vit 105) in NaCl solution were shown to be similar 
to many Alalloys [84]. The degradation mechanism was found to be anodic dissolution 
rather than hydrogen embrittlement, showing a significant decrease in open-circuit 
potential (OCP) during the fatigue test when the crack growth accelerated [84]. 
Corrosive environment did not affect the fatigue life of (Zro 55 Alo 19 Nio.o5Cuo.30)o9 Y1 
BMG in the higher stress range while it was significantly more pronounced at lower 
stresses and decreased fatigue strength of the alloy by about 40% [8]. 


3.5. Effects of Structure and Crystallinity 


The effect of thermally induced structural changes (e.g., crystallization or 
relaxation) on electrochemical properties is of significant interest in engineering 
applications of bulk amorphous alloys. Partial or complete crystallization may 
deteriorate or improve the corrosion resistance of a metallic glass depending on 
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the specific composition. There are several reports on the corrosion behavior of 
Zr-based metallic glasses after crystallization or relaxation. Zr56Co16Alos [85] 
metallic glass showed increased corrosion rate in Ringer's simulated body 
fluid after heat treatment (ie. crystallization) with a less stable surface 
passive film as compared to its amorphous counterpart. A similar trend was 
observed for other Zr-based amorphous alloys such as ZrssCuagNisAljo [86], 
Zrs3Cuz9NigAlg [87], Zr5?» 5Cu17.9Ni14.6AhoTis [50], and Zrg5 Alz 5Cu17 5Ni 40 [88]. 
Crystallized Zra1 55 Ti13,75Ni1oCu125Be22 5 alloys did not show good passivation 
characteristics during polarization tests in NaCl solution because of chemically 
inhomogeneous microstructure and crystalline defects [89]. The corrosion behavior 
of certain Zr-based metallic glasses improved after partial or complete crystallization 
due to easier formation of the surface passive film. As an example, ZrgoCu20AlıoFes Tis 
and Zre2.3Cu22.5Fe4.9Al6.8Ag3.5 alloys demonstrated lower corrosion current density 
and better resistance to pitting after crystallization in SBF and simulated 
seawater, respectively [90,91]. Similar to crystallization, relaxation by thermal 
annealing has been reported to change the corrosion behavior of Zr-based BMGs. 
Zr5 5Cu17.9Ni14.6Al1oTis bulk metallic glass was obtained in three different structural 
states including as-cast, mechanically deformed, and relaxed with different amounts 
of free volume. For the thermally relaxed sample with lower free volume content, 
the corrosion resistance and pit propagation resistance increased [92]. On the other 
hand, the deformed sample with relatively higher amount of free volume exhibited 
lower corrosion resistance. Cold-rolling of Zrg;Cu455Ni49Al7 5Ags and friction 
stir processing (FSP) of Zr-Ti-Cu-Ni-Be BMGs have been reported to decrease the 
corrosion resistance of these alloys due to increase in free volume [93,94]. Similar 
behavior was reported for ZrggCuoo AljoFesTis [95], Zr41.2Ti13.8Cu12.5Ni10Be22.5 [96], 
and Zrs7Cu454Ni4? 6AlıoNbs [96] BMGs, where corrosion resistance improved after 
relaxation. A smaller amount of free volume improves corrosion resistance due to 
the formation of dense amorphous structure with low residual stresses and more 
stable and protective passive film [97]. 


3.6. Zr-Based Bulk Metallic Glasses Composites 


Metallic glass matrix composites (MGMCs) have been developed over the 
last two decades as a new strategy for enhancing the plasticity and toughness 
of bulk metallic glasses [98-100]. They consist of a crystalline dendritic phase 
in the amorphous matrix, leading to significantly greater plasticity compared to 
monolithic glasses by preventing catastrophic propagation of shear bands [98-100]. 
While there are numerous reports on the microstructure and mechanical behavior 
of MGMCS, there are very limited number of studies on their corrosion behavior. 
The mechanism of passive film formation in MGMCS is very similar to the fully 
amorphous systems [49,71,101-103]. Rapid pit propagation and a sharp increase 
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in current density in H250; electrolyte for potentials higher than Epit have been 
reported for Zrge s4Nbg aCu10Nig 7 Als o alloy consisting of body centered cubic (BCC) 
dendrites in a glassy matrix and also for the Zr57TigNb» 5Cu13. 9Ni11.1Al7 5 alloy with 
quasi-crystals and glassy intergranular phase [71]. This behavior is similar to that 
reported for some Zr-based BMGs [104]. Both the composites mentioned above 
showed chloride-induced selective dissolution of the glassy matrix phase, while the 
crystalline phase remained un-attacked after polarization [49]. 

Scanning electrochemical microscopy (SECM) was used to evaluate the 
localized electrochemical activity of Zr-based MGMCs [105]. The interface between 
the amorphous matrix and the dendritic crystalline phase acted as sites for 
preferential corrosion [106]. In chloride-containing solutions (HCl and NaCl), 
Zrsg5Ti143Nb55Cug4Ni49Beq9 MGMC showed preferential dissolution of the 
amorphous matrix, while uniform corrosion was observed for the same MGMC in 
NaOH [106]. In CI -containing solutions, the favorable absorption of chloride ions 
at the interface between the matrix and the crystalline phase resulted in selective 
dissolution of the amorphous matrix. In contrast, the dissolution of beryllium oxide 
was the primary mechanism for protective film breakdown in other solutions such as 
H55O, and NaOH [106]. The increase in defect density in the vicinity of the phase 
boundaries has also been reported to promote pitting corrosion in MGMCs [71]. 


3.7. Effect of Test Environment 


Environmental factors such as chemistry and pH of the solution, temperature, 
and presence of oxygen influence the corrosion behavior of metallic materials. 
A number of Zr-based BMGs including Zrg5Cu17 5Ni49Alz 5, ZrggNb5Cu17 5Ni49Al1z 5, 
and Zrg9NbsCu;75NisPd5Al; 5 were evaluated in different types of artificial body 
fluids including artificial saliva solution (ASS), phosphate-buffered solution (PBS), 
and artificial blood plasma (ABP) solution, and exhibited excellent corrosion resistance 
in these solutions, making them promising as biomaterials [26]. 

Guan et al. [63] investigated the role of different electrolytes on the corrosion 
resistance of Zr-Al-Co-Nb BMGs. This alloy system passivated in NaCl solution with 
alow passive current density. However, the alloys showed higher resistance to pitting 
corrosion in Hank's solution compared to NaCl solution. The passivation region 
was even wider for the alloys in PBS. This behavior was attributed to the complex 
composition of Hank's solution and PBS containing large-sized PO4?- anions, which 
were absorbed on the surface and inhibited pitting. These anions compete with C17 
and reduce the aggressive nature of CI”, resulting in a delay in the active-passive 
process in PBS and Hank's solution [63]. The presence of amino acids and proteins in 
the solution has also been reported to act as diffusion barrier to other species such as 
phosphate and chloride ions and improve the corrosion resistance of Zr-BMGs [107]. 
Zr41 2 Ti13.sNi1oCun2 5Bez? 5 BMGs exhibited the lowest corrosion current density (icorr) 
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in H55O, followed by NaCl and HNOs, and the highest icorr was obtained in the HCl 
environment [90,108]. In terms of acid concentration, ZrssTi3Cu59Ali9Nig metallic 
glass displayed a lower passivation tendency at higher nitric acid concentration (1, 
6, and 11.5 M HNO;) [109]. A similar trend was observed with increasing chloride 
concentration for the ZrggAl7 5Ni419Cu175 amorphous alloy [20]. On the contrary, 
a higher concentration of dissolved oxygen (4% Oz) in PBS solution led to higher 
corrosion resistance for the Zrg5Al7 5Ni1oCu17 5 alloy in a neutral pH [11]. 

A change in electrolyte temperature has also been reported to influence the 
corrosion behavior of Zr-based BMGs. With the increase in temperature, the passive 
film formed on the Zr5s5CusoAljoNis alloy became thicker, less stable, and more 
porous compared to the films formed at room temperature. Increasing temperature 
generally led to a decrease in pitting potential and higher pitting susceptibility [110]. 
Finally, a change in temperature has been reported to change the electrolyte pH with 
an adverse effect on corrosion behavior [86]. The corrosion current density (icorr), 
corrosion potential (Ecorr), and pitting potential (Epit) of Zr-based BMGs as a function 
of environment and test temperature are summarized in Table 3.1 below. 


Table 3.1. Corrosion parameters for Zr-based BMGs in different environments. 


i Ecorr Epit T 
Zr-Based BMG So 2 (mV vs. (mV vs. Environment " Ref. 
(uA/cm?) SCE) SCE) (C) 
Simulated Body Fluid 
Zre2.3Cu22.5Fe4.9Al6.8A83.5 TBS 
Zrga Cuzz sFeyo Ales Agss 0.055 —290 -22 (phosphate-buffered 37 [2] 
B : ps Y 0.077 —305 —145 saline solution) 37 [2] 
(crystalline) PBS 
Zr55AlıoNisCugo 0.54 231 118 PBS 37 [80] 
(ZrssAlqoNisCuso)o9 Yı 0.043 -302 185 PBS 37 [80] 
ZreoCu22.5Fe7.5Al10 0.201 -370 50 PBS 37 [111] 
ZreoCu2oFe10Alıo 0.264 —390 70 PBS 37 [111] 
ZrgoTiooCu4oFes Alig 0.234 —420 280 PBS 37 [111] 
ZrgoTi? 5Fe125Al49Cu19Ag 0.123 —340 282 PBS - [10 
ZrgoTi? 5Fe19Alq9Cu19Ags 0.111 —261 432 PBS - [10 
Zrg5 Ti? 5Fe7 5 Al10Cu10Ag5 0.086 —184 484 PBS - [10 
Zr60.14Cu231Fe4.35Alo 7 Aga 0.014 —416 917 SBF 37 [33] 
Zrs9Cug3Al7 0.23 —410 125 Artificial Saliva (AS) 37 [35 
Zr59Cug3 Al; 0.21 —550 -162 SBF 37 [35 
HBSS (Hank’s 

Zrs56Al16C028 - —635 459 balanced saline 37 [72] 

solution) 

Zrs6Alı6Co2s - —580 368 PBS 37 [72] 
Zr57Nb5Cu15.4Ni12.6Alıo 0.014 -382 291 SBF 37 [112] 
Zr57Nb5Cu15.4Ni12.6Alıo 0.038 —263 786 AS 37 [112] 

Zrg?.3Cuz25Fe49Ale.8Ag3.5 0.055 —290 22 PBS - [2] 
Z153Aly5(Co1-xAgx)31 (x = 0, 0.1, 0.25) - ins 30 to 225 PBS - [6] 
ZrsoCussAl;NbsPbs - «-300 «350 PBS . [57] 
ZrssCusoAl;NbsPbs - «-300 «600 PBS x [57] 
Zr62.5Cu22,5FesAlio 0.03 —532 787 AS [34] 

Zrg» 5 Cuz? 5Fes Al10 0.02 -537 531 SBF > 134] 
Zr53CuzoNigAlg 0.06 214 35 SBF - [87] 
Zrag(Cug.5/5,5A81/5.5)46Als 4.24 -555 - Hank’s 37 [77] 
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Table 3.1. Cont. 


i Ecorr Epit T 
Zr-Based BMG ( Ale 2) (mV vs. (mV vs. Environment co Ref. 
BEYER: SCE) SCE) 

Zrs19Cu23.3Ni10.5Al4.3 4.61 -575 - Hank’s 37 [77] 
ZrsıTisNi1oCu25Alo 9.03 -646 : Hank’s 37 [7] 
TigoZra5Ni12CusBe2o 10.09 -625 : Hank’s 37 [7] 

Zr52.5Cu17.9Ni14.6Al10.0Tis.o (Vit 105) - —405 69 PBS - [113] 
NaCl Solution 

Zrs6Al16C028 - 642 269 0.9% NaC 37 [72] 

Zrag(Cug 5/5,.5A81/5.5)46Als 0.123 -388 - 0.9% NaC 37 [7] 

Zrs19Cu23.3Ni10.5Al4.3 0.135 -411 - 0.9% NaC 37 [7] 
ZrsıTisNi1oCu25Alo 0.137 -425 - 0.9% NaC 37 [7] 
TigoZra5Ni12CusBe2o 0.361 404 - 0.9% NaC 37 [7] 

Zr41.2Ti13.8Ni10Cu12.5Be22.5 0.672 —496 - 3.5% NaC 25 [108] 
Zr55TiaoBess - —445 845 0.6 M NaCl 25 [114] 
Zr55TisoBez9Cog - —424 257 0.6 M NaCl 25 [114] 
Zr? 5Cugz 9Niq4 6AlioTis - -264 324 0.6 M NaCl 25 [114] 
Zra 25Ti13.75Ni10Cu12.5Be22.5 - -194 <-120 3.5% NaC , [89] 
ne 6.49 -291.4 64 
H xn 4.74 -289 543 0.6 M NaCl [92] 
Ns 1.98 -308.7 -43.2 
N 1.709 -107.2 
Annealed at 360 °C ee eee 3.5% NaCl : [115] 
o 6.761 -1132 
Annealed at 400 °C 5411 -2044 
Annealed at 480 °C ) = 
Zrss.3Al14.6Nis.3Cu18.8 2.5 153.92 20.27 3% NaCl [56] 
ZrssAlggNigi Curs 1.96 -167.95 -22 3% NaCl s [56] 
Zrs7.5Al17 5Ni13.8Cu11.3 2.03 158.08 -12.3 3% NaCl [56] 
Zrs6Al16Ni28 0.096 -298 -33 3% NaCl 25 [116] 
Zrs6 Al16(Nio.7Ag0.3)28 0.087 -258 168 3% NaCl 25 [116] 
Zrs5AhoNisNiao 0.177 -388 -175 3% NaCl 25 [116] 
ZreoAloNizoNiao 0.118 -355 -75 3% NaCl 25 [116] 
ZracAls CussAgs 0.126 -330 -223 3% NaCl 25 [116] 
ZrsoCuaoAlio E -495 -433 0.5 M NaCl 30 [60] 
Zr79CugAlgNirg - -376 -70 0.5 M NaCl 30 [60] 
Other Solutions 
š 2 680 (vs. 
Zrs9Ti3zCug9 AlioNig 55 Ag/AgCl) 1400 1NHNO; 25 [55] 
Zrs9Ti3zCuz9 AlioNig 140 ee 1300 6 N HNO; 25 [55] 
Zrs9Ti3Cuz9 AlioNig 300 is 1100 11.5 N HNO; 25 [55] 
Zr 2Ti13.8Ni10Cu12.5Be22.5 0.672 —496 3.5% NaCl 25 [108] 
Zry1.2Ti1s,sNi1oCu12.5Be22 5 0.899 —428 | 1N HNO; 25 [108] 
Zry1.2Ti1zsNi1Cu12.5Be22 5 0.539 —491 1N H2SO4 25 [108] 
Zry1.2Ti1s,sNi1oCu12.5Be22 5 1.373 -322 1NHCI 25 [108] 
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4. High-Density Metallic Glasses 


Among all the metallic glass systems studied in terms of their corrosion behavior, 
the Fe-, Ni-, and Co-based bulk metallic glass (BMG) forming systems are the most 
widely reported. The corrosion behavior of these three alloy systems depends on 
their composition, structure, and test environment. The Fe-, Ni-, and Co-based 
alloy systems are merged together with Cu- and Cr-based BMGs under the topic of 
high-density metallic glasses. 


4.1. Iron (Fe)-Based Metallic Glasses 


One of the first reports on the electrochemical behavior of amorphous melt-spun 
Fe-Cr-P-C ribbons was published in 1974, showing their high corrosion resistance in 
HCL, even better than that of 304 stainless steel [1,2]. Subsequently, the exceptional 
corrosion resistance for amorphous Fe-Cr-Mo-C-B and Fe-Ni-Cr-Mo-B alloys 
specifically in the acidic environment was reported [3,4]. Fe-based BMGs are attractive 
due to their unique combination of high strength and hardness, high glass transition 
temperature (Tg), good wear resistance, soft magnetic properties, and good corrosion 
resistance [5]. The corrosion resistance of Fe-based BMGs was further enhanced with 
the addition of alloying elements such as Cr and Mo. Similar to stainless steel, Cr was 
found to be most influential in the improvement of their corrosion resistance [6-8]. 
After a week of exposure, almost zero weight loss was reported for a glassy Fe-based 
alloy in HCL, while austenitic stainless steels showed severe pitting under identical 
conditions [2]. The superior corrosion resistance of Fe-Cr-based amorphous alloys 
was attributed to the formation of a protective chromium oxyhydroxide passive layer 
on the surface, similar to stainless steel. However, due to their amorphous structure, 
Fe-Cr-based BMGs showed greater resistance to pitting corrosion as compared to 
stainless steel with similar Cr content [9]. A comparison between the corrosion rates 
of 304 stainless steel and Fe-10Cr-13P-7C amorphous alloy showed two to six-fold 
lower corrosion rates for the metallic glass in various concentrations of HCl. Similarly, 
weight loss measurements for Feg7,7B20Cr12Nbo.15Moo.15 BMG and stainless steel 
with similar Cr content in H2SO, solution demonstrated 5-16 times lesser weight 
loss for the BMG [10]. 


4.1.1. Effect of Alloying Elements 


Composition variation significantly influences the corrosion behavior of Fe-based 
BMGs. This effect may be classified into three groups [11]. The elements in the 
first group such as Cr and Ti help in the formation of a stable passive film and 
increase the corrosion resistance. The second group consists of elements that are 
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more active than Fe including Vanadium (V), Niobium (Nb), Molybdenum (Mo), 
and Tungsten (W). These elements form corrosion product films covering the surface 
and act as diffusion barriers against further dissolution of the alloy. In contrast to 
the second group, the third group elements are nobler than Fe including Nickel (Ni), 
Cobalt (Co), Copper (Cu), Ruthenium (Ru), Rhodium (Rh), Palladium (Pd), and 
Platinum (Pt). The selective enrichment of these noble elements on the surface of 
the BMG in the corrosive environment has been shown to reduce the overall anodic 
activity and dissolution rate of Fe-based glassy alloys. The addition of different 
alloying elements (M) including Co, Ni, V, Cr, and Mn to Fe-M-P13C7 metallic glass, 
except for manganese (Mn), showed a reduction in the corrosion rate in HCl and 
H5SO, solutions [12]. 


4.1.1.1. Effect of Chromium (Cr) Addition 


Cr inhibits or hinders the dissolution of surface elements and helps in the 
formation of a passive protective film for a wide range of alloys. The high corrosion 
resistance of amorphous alloys containing chromium was attributed to the formation 
of the hydrated Cr oxyhydroxide film responsible for spontaneous passivation [11]. 
The passive film on Fe-Cr amorphous alloys is often composed of an outer Fe-rich 
layer and an inner Cr-rich layer. The Cr content in the alloy and the ratio of 
Cr/Fe determine the stability of the passive film. Further enhancement in corrosion 
resistance of the Fe-Cr glassy alloys was achieved by the addition of other metallic 
elements. For example, partial replacement of Fe by Al increased the corrosion 
resistance of Fe45Cr18Mo14C15BeY> in the presence of Hz. The corrosion rate of 
these alloys under conditions simulating the bipolar plate in the polymer electrolyte 
membrane fuel cell (PEMFC) follows the order: SUS316L (icorr = 1.51 mA cm~?) 
> Fe43CrigMoj4C;5BeY?Co» (icorr = 1.34) > FegsCrigMoy4Ci5BeY2 (icorr = 0.68) > 
Fe43Cr18Mo14C15BeY2Ni2 (icorr = 0.57) > Fe43Cr18Mo14C15BeY2NZ (icorr = 0.43) > 
Fe43Cr1gMo14C15B6 Y2 Abb (icorr = 0.11) [13]. Figure 4.1 shows the decrease in corrosion 
rate of ([(Feo.& Coo 4)o.75 Bo.2 9io.065]0.96 Nbo.04)100-x Crx with increasing Cr content [14]. 
It was observed that the addition of Cr up to 4 at. % in this amorphous alloy system 
decreased the corrosion rate considerably in NaCl solution due to formation of a 
uniform protective passive layer. The addition of nitrogen had a more pronounced 
effect on the formation of the passive layer and corrosion resistance. Potentiodynamic 
studies for Fe49Cr45 3M0 45 Y2C15B3.4No3 revealed that the corrosion resistance of the 
N-containing amorphous alloy was at least one order of magnitude better than the 
N-free alloy in concentrated HCI solution [15]. The improved performance of the 
N-containing alloy was correlated to the presence of a thin MoN™ layer over the 
protective passive film, which hindered the dissolution of Fe-oxide while preserving 
the Cr oxide. The CI” ions in solution were repelled by the negatively charged N [16]. 
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Figure 4.1. Effect of Cr addition on the corrosion rate of ([(Feo.s Coo.4)o.75 Bo.2 
Sio.065l0.96 Nbo.04)100-x Crx BMGs in 0.5 M NaCl at 298 K (data redrawn from 
reference [14]). 


Several studies have shown that Fe-Cr-based amorphous alloys are more resistant 
to corrosion compared to commercially used alloys such as 316 stainless steel [17-19] 
and Ti-6Al-4V [20], and hence, are a potential substitute for conventional alloys in 
aggressive media [21]. Due to their excellent resistance to corrosion, they may be 
utilized as surgical tools or implants with more durability. Furthermore, because of 
the homogenous nature of the passive protective film, the Fe-Cr-based amorphous 
alloys require a lower content of Cr compared to their crystalline counterparts [22]. 


4.1.1.2. Effect of Molybdenum (Mo) Addition 


The addition of Mo has been reported to have either a positive or negative effect 
depending on the alloy system. Alloying Fe-Cr-based BMGs with Mo prevents Cr 
dissolution and promotes passive layer formation. On the other hand, Mo dissolution 
has been observed even at lower potentials in the passive region and its oxide shows 
lesser stability compared to iron oxyhydroxide or hydrated chromium film. As a 
result, excessive addition of Mo to Fe-based amorphous alloys has been shown to 
deteriorate its electrochemical stability [23,24]. The effect of Cr and Mo addition on 
the passive current density of bulk glassy Fe75-x-yCrxMoyC15B10 alloys in 1 N HCl 
has been evaluated by potentiodynamic polarization [25]. At fixed Mo concentration, 
the amorphous Fe60-xCrxMo15C15B10 alloys containing 7.5-30 at. % Cr were shown 
to be instantly passivated with large passive regions until the transpassive dissolution 
of Cr. With the increase in Cr concentration, the anodic current density decreased 
significantly for the Fego. Cr Mo15C45B460 alloy system. At fixed Cr concentration, a 
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higher fraction of Mo relative to Fe content was detrimental for corrosion resistance 
and reduced the protective characteristics of the passive film. Tungsten (W) had a 
similar beneficial influence at low concentration [26]. However, W addition was more 
effective than molybdenum in 6 M HCI solution because molybdenum exhibited an 
active dissolution peak in the cathodic region, while tungsten exhibited no active 
dissolution at potentials below 100 mV (vs. SCE) [27]. 


4.1.1.3. Effect of Other Metals 


The addition of most transition metals to amorphous metal-metalloid alloys 
was found to improve their corrosion resistance [11]. A small addition of Ti, Mn, Nb, 
V, W, Ni, and Zr as partial substitutes for Fe in Fe-based metallic glasses decreased 
the corrosion rate [12,19,28,29]. Likewise, small addition of rare-earth elements such 
as Yttrium, Erbium (Er), and Dysprosium (Dy) to Fe-Cr-Mo-C-B helped increase 
corrosion resistance by the formation of a thick and highly stable passive film along 
with improvement in glass-forming ability (GFA) of the amorphous alloys [3,30,31]. 
Partial replacement of Fe by Co increased the corrosion resistance of FegoB10Si10 
and Fez5P19C4o9Bs5 BMGs, resulting in nobler behavior and formation of protective 
film-containing Co oxides [32,33]. Manganese addition showed both positive and 
negative effects on corrosion resistance of different Fe-based BMGs. It deteriorated 
the corrosion resistance of FegoP13C7 glass, while improving the corrosion resistance 
of the Fej4Cri9M015».5Mn41 C45Bg Y, 5 alloy system in HCI solution [34]. 


4.1.1.4. Effect of Metalloid Addition 


The type and fraction of metalloids added to Fe-based BMGs were shown to 
affect the kinetics of passivation and composition of the passive film [30]. Addition of 
carbon (C) and boron (B) improved the corrosion resistance of Fe-BMGs [35,36] and 
enhanced their glass-forming ability. Increasing boron content (denoted by x) in glassy 
Fes0_xCr16M016C1sBx alloy system resulted in a decrease in the corrosion rate [30]. 
Figure 4.2 depicts the effect of B in glassy Feso..,,CrigMo16C18B, [14]. Increased boron 
content in this metallic glass system enhanced the corrosion resistance in various 
concentrations of HCl. Carbon was found to not influence the formation of passive 
film since carbonates are soluble in aqueous solutions, but it improved the corrosion 
resistance of Fe-based amorphous alloys in the presence of sufficient amounts of 
passivating elements [11]. 
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Figure 4.2. Corrosion rate of Fesg_Cr16M016C1gBx BMGs as a function of B content 
(denoted by x) in 1 N, 6 N, and 12 N HCI (data redrawn from Reference [14]). 


The addition of Phosphorous (P) to Fe-based BMGs showed a positive effect in 
terms of corrosion resistance. Partial replacement of C and B by P in Fe-Cr-Mo-C-B 
glassy alloys resulted in the passivation current density (ip) decreasing from -10 1 
to 5 x 107? A-m? in HCl [37]. Phosphorous enhances the passivity and stability of 
amorphous alloys in different ways. It accelerates the dissolution rate in the active 
range, leading to a rapid initial corrosion rate followed by passive element buildup 
at the surface [38,39]. Phosphorous generally forms a porous FePO, pre-passive 
film on the surface of Fe-based alloys, which facilitates the passivation and blocks 
actively dissolving sites. The passive Cr oxide layer then forms inside the pores of 
the pre-passive layer [40]. Additionally, P may be enriched underneath the passive 
film, acting as a chemical shield to reduce the ionic conductivity of the film/alloy 
interface, and consequently, inhibits anodic dissolution of the alloy and improves the 
stability of the passive film [38,41,42]. Silicon (Si) has been reported to be typically 
in the form of silicates in the surface film for Fe-based alloys but found to be not 
as beneficial in terms of accelerating passive film formation as phosphorus and 
carbon [11]. In summary, the beneficial effect of metalloid addition towards corrosion 
resistance improvement in Fe-based BMGs decreases in the order of phosphorus, 
carbon, silicon, and boron [11]. 


4.1.2. Effect of Structure and Crystallinity 


The degree of short-range ordering and crystallinity has been reported 
to significantly affect the electrochemical behavior of Fe-based BMGs. As-cast 
Fe73.5Si13.5BgNb3Cu, and Fe4gCr15Mo44C45Bg Y2 BMGs showed the best resistance 
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to corrosion compared with their annealed nanocrystalline and fully crystallized 
counterparts in HCl and HS0; [43,44]. This was attributed to the chemical 
heterogeneity (galvanic coupling) due to the formation of precipitates, segregation, 
and other composition fluctuations leading to local galvanic cells. Similar behavior 
was reported for other Fe-based amorphous alloys [36,45,46]. The corrosion current 
density was lower for (Fe44.3Cr5C05Mo12.38Mn]12C15.8B5.9)98.8Y1.5 glassy alloys 
compared to X210Cr12 steel in 0.5 M H2SO, [47]. Due to galvanic coupling between 
the matrix and inter-dendritic phase(s) in the crystalline counterpart, it showed 
lower corrosion resistance as compared with the fully amorphous alloy. However, 
certain Fe-based BMGs showed better corrosion resistance after crystallization in 
comparison with the fully amorphous as-cast state due to the passive nature of the 
corrosion products on the surface of the alloys [48]. 

Recently, Fe-based amorphous coatings have been studied for surface 
engineering applications. The effect of partial crystallization on the corrosion behavior 
of Fe4gCrı5M014C15Y2B6 amorphous coating fabricated by high-velocity oxygen fuel 
(HVOF) was studied, showing that the increase in crystalline fraction lowered its 
corrosion resistance [49,50]. The detrimental effect of crystallization on the corrosion 
resistance of these alloys was attributed to carbide precipitation during heat treatment, 
which resulted in nanoscale Cr-depleted zones [44,51]. SEM and TEM micrographs 
showed that corrosion pits initiated at the boundaries around the inter-splats where 
Cr and Mo were depleted [50]. X-ray photoelectron spectroscopy (XPS) on the 
passive film confirmed a significant decrease in Cr oxides and Mo oxides in the 
crystallized coating. This reduction accounted for the deterioration of electrochemical 
resistance in the crystallized coating since Cr and Mo oxides are more protective 
than Fe oxides. In other words, a large portion of Cr and Mo was consumed as a 
result of Cr-/Mo-rich carbide precipitation in the crystallized coating, resulting in the 
deterioration of corrosion resistance. Similar behavior has been reported for other 
Fe-based amorphous alloys such as Fe-Cr-P-C and Fe-Ni-Cr-P-B [46]. 


4.1.3. Effect of Test Environment 


Fe-based BMGs showed excellent corrosion resistance in various aggressive 
media such as HCl, H2SO4, NaCl, Na2SO4, NaOH, and simulated body fluid 
(SBF) [13,15,20,21]. The sodium chloride (NaCl) environment has been widely studied 
for several Fe-based metallic glasses and coatings. Due to the presence of Cl” ions in 
the electrolyte, chloride-induced pitting was commonly reported. The difference (AE) 
between corrosion potential (Ecorr) and pitting potential (Ep) was determined using 
accelerated polarization experiments. Very noble levels for pitting onset potential 
were shown for FesgCo7M2Mo5Zrj9B29 (M = W or Ni) [52] in 3.5% NaCl with higher 
AE for the W-containing alloy (852 mV vs. SCE) compared to the Ni-containing 
alloy (349 mV vs. SCE). Electrochemical impedance spectroscopy (EIS) plots for the 
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BMGs showed a single capacitance loop and the polarization resistance (Rp) for the 
W-containing alloy was higher than the Ni-containing alloy. Quaternary Fe-Ni-P-C, 
Fe-Ni-P-B, and Fe-Cr-P-C BMGs also showed superior corrosion resistance in NaCl 
solution [13,53,54]. The concentration of chloride ions in solution showed a significant 
impact on the corrosion behavior. Although potentiodynamic polarization plots 
for Fe44Co17Cr17Mo014C15BgY» obtained in different concentrations of NaCl solution 
showed a similar passivation profile, increased solution concentration resulted in 
a decrease in corrosion potential (Ecorr) and increase in corrosion current density 
(corr) [55]. 

It was recently shown that two amorphous alloys, namely Fej5Mo44Cr45Y5C45Bg 
(SAM1651) and Fe49 7Cr47 ;Mn1 9M0z 4W| &B15.5C3. 85i? 4 (SAM2X5), demonstrated the 
highest corrosion resistance in 3.5% NaCl among Fe-based amorphous coatings [17,50]. 
These coatings were fabricated by the HVOF (high-velocity oxygen fuel) of glassy 
powders and were characterized by spontaneous passivation with a wide passive 
region and low passive current density. The coating with coarse powders (45-55 um) 
exhibited better corrosion resistance than the one with fine powders (20-33 um), even 
though it contained more porosity. This behavior was attributed to more oxidation 
and oxide-rich inter-splats in finer powder coatings as compared to the one with 
coarse powder. Fe-Cr-Mn-Mo-W-B-C-Si amorphous coatings fabricated by HVOF and 
HVAF (high-velocity air fuel) processes showed different electrochemical behaviors 
in NaCl solution [56]. More oxides formed during HVOF hindered the formation of 
dense passive film and reduced the corrosion resistance. The corrosion resistance of 
Fe-based BMGs in NaCl solution was reported to be better than 304 stainless steel 
and was typically accompanied by the formation of a stable passive layer with low 
passive current density [57]. 

Numerous investigations have been carried out on the corrosion and pitting 
resistance of Fe-based BMGs in HCI, which is the typical environment in applications 
such as pickling, ore reduction, food processing, and metal cleaning. The effects of 
acid concentration and temperature were evaluated for different BMGs. Fe-based 
BMGs showed spontaneous passivation and a wide passive region [17,26-29,53,58,59]. 
However, with increasing concentration of the corrosive medium, the corrosion rate 
increased [30,60]. Moreover, increasing temperature increased the rate of the anodic 
process with the subsequent localized attack on the alloy surface. Fe-based BMGs in 
the HCl environment generally showed better corrosion resistance as compared with 
stainless steel. 

Sulfuric acid (H2SO4) is another electrolyte in which the corrosion behavior of 
Fe-based BMGs has been evaluated extensively because sulfuric acid is used in a wide 
range of applications including pickling, petroleum industries, batteries, fuel cells, 
and the pulp and paper industry [13,33,61,62]. Fe-Cr-P-C [12], Fez5P19C40Bs [33], 
and Fez; 55i155BogNb3Cu, [48] BMGs demonstrated excellent corrosion resistance 
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in H5S5O4,. The addition of elements such as Mo, Ni, Cr, and Co to Fe-based 
BMGs resulted in further enhancement of their corrosion resistance [33]. Increasing 
acid concentration was found to decrease Ecorr towards less noble values and 
increase icorr [63]. A recent study on the corrosion behavior of FeagCri5Mo 4C15Bge Y? 
amorphous coating fabricated by HVOF demonstrated that unlike the behavior in 
HCl and NaCl solutions, the corrosion resistance of amorphous coatings in H2SO4 
was inferior compared to 316L stainless steel. This behavior was attributed to 
the aggressive oxidizing environment of H55O, as compared to HCl and easier 
passivation of stainless steel in H5SO, [17]. The corrosion behavior of Fe-based 
metallic glasses was evaluated in the highly aggressive CaCl, solution at high 
temperatures. Amorphous Fesg 4Cr1g5B3 2M014C1Si1.3Mn>W 5 8 showed uniform 
corrosion in 5 M CaCl) while stainless steels and Ni-based alloys showed severe 
pitting [64]. 

Some BMGs have been reported to have good biocompatibility in addition 
to good corrosion resistance that makes them potentially promising in biomedical 
applications. Most biocompatibility studies have been performed for Zr-based 
and Ti-based BMGs and there are fewer reports on Fe-based BMGs [58,65,66]. 
Biocompatibility evaluation of Fe-based BMGs has been conducted in terms of ion 
release in simulated body fluids and cytotoxicity assessment. Electrochemical studies 
for Fe-based BMGs such as Fe41 CozCr15M014C15BgY5, FeaaCr5Co5M013Mn11C16BeY 2, 
and Fe4gCr45Mo44C45BgEr» in Hank’s solution and artificial saliva showed their 
superior corrosion performance as compared with SS316 L [67,68]. These BMGs also 
showed no cytotoxicity to L929 and NIH3T3 cells. Co and Mn may induce adverse 
body reactions in long-term implantation [69]. Therefore, new Fe-based metallic 
glasses with higher Fe content and free from Co and Mn have recently been studied 
for implant applications [70]. These BMGs demonstrated better corrosion resistance 
than biomedical grade alloys such as SS316 and Ti-6A1-4V [70]. In electrochemical 
studies for a series of Fego_x-„CrxMoyP13C7 BMGs in simulated body fluids (Hank's 
solution and artificial saliva), the amorphous alloys showed high corrosion resistance 
and the released ion content (measured by inductively coupled plasma atomic 
emission spectroscopy (ICP-AES)) was lower than SS316L. The addition of Nb further 
enhanced the corrosion resistance of Fess ,,CrigMozB46C4Nby in Ringer's solution 
even more than conventional 316L stainless steel and Ti-6Al-4V biomedical alloys, 
with no ions released in the solution [19]. 

Weight loss measurements have been reported for the 
(Fe443Cr5Co5Moq4»? &Mn41 2C15.8B5.9)985 Y1.5 alloy in four different solutions 
including very acidic (0.5 M H2503), very basic (1 M NaOH), neutral aggressive 
chloride solution (0.6 M NaCl), and less aggressive neutral solution (0.1 M 
Na>SO,). These studies indicated that Fe-based glassy alloys had very low 
weight-loss and high corrosion resistance in NaCl, Na?5O,, and NaOH solutions 
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but relatively less corrosion resistance in HzSO,. SEM images of the surface of 
(Fe44.3Cr5Co5sMo12.8Mn11.2C15.8B5.9)98.5 Y4 5 BMG after immersion in H5SO4 and 
NaOH for 100 days showed that the surface remained mostly intact in NaOH [4]. 
In addition, it was shown that at higher pH values (in NaOH), the passivation ability 
of the amorphous and crystalline (Fe443Cr5Co5Mo128Mn11.2C15.8B5.9)98.5 Y1 5 alloys 
was improved [4], demonstrating that galvanic corrosion was less pronounced in 
alkaline media [47]. The corrosion current density (icorr), corrosion potential (Ecorr), 
and pitting potential (Epit) of Fe-based BMGs as a function of environment and test 
temperature are summarized in Table 4.1 below. 


Table 4.1. Corrosion parameters for Fe-based BMGs in different environments. 


Ecorr Epit 


Fe-Based BMG ( a 2) (mV vs. (mV vs. Environment TCO Ref. 
hee SCE) SCE) 
Simulated Body Fluids 
Fe¢oCrioMo10P13C7 0.45 —317 977 Hank's 25 70 
FegoCrioMoyoP13C7 0.22 -314 1123 Saliva 25 70 
FessCrısMo7B16C4 2.46 169 715 Ringer 37 19 
Fes2Cr1sMo7B16C4Nbz 0.19 -45 876 Ringer 37 19 
FesiCrigMozB45C4Nb4 0.03 122 1299 Ringer 37 19 
Fea1CozCri5Mo14C15 Bc Y2 0.23 —270 - Hank's 36 68 
Fe41C07Cr15M014C15BgY2 0.048 -320 = Saliva 36 68 
(Fe44Cr5Co5Mo13Mn11C16B6)98 Y2 0.28 —230 - Hank's 36 68 
(Fe44Cr5Co5Mo13Mn11C16B6)98 Y2 0.07 —230 Saliva 36 68 
Fe4sCri5M014 C45 Bg Ero 0.09 —300 - Hank's 36 68 
FeasCri5 Mo14 C15 Be Er2 0.003 —250 Saliva 36 68 
Fe41C07Cr15M014C15BgY2 0.23 269 1009 Hank’s 25 67 
Fe41CozCr45Mo44C315Be Y»? (Annealed) 0.35 —286 570 Hank's 25 67 
Fe41C07Cr15M014C15BgY2 0.04 -315 1200 Saliva 25 67 
Fe41C07Cr15M014C15B6Y2 (Annealed) 0.14 290 310 Saliva 25 67 
Fes5Cr20MosP13C7 0.26 —306 1040 Hank's 25 70 
FessCr20MosP13C7 0.17 352 1123 Saliva 25 70 
FesoCr20MoyoP13C7 0.37 -309 995 Hank’s 25 70 
FesoCr20MoyoP13C7 0.20 364 1099 Saliva 25 70 
NaCl 
Fe¢oNizoP14Be6 10.96 —364 = 0.5 M NaCl 25 53 
FesgNi3oP14Be 7.02 -343 2 0.5 M NaCl 25 53 
FeasCrisMo14C15Y?Be (coating) 0.99 -304 = 0.6 M NaCl 25 49 
Annealed at 530 °C for 5h 1.88 —402 - 0.6 M NaCl 25 49 
Annealed at 600 °C for 1h 4.97 —455 - 0.6 M NaCl 25 49 
Annealed at 700 °C for 1h 14.7 —592 - 0.6 M NaCl 25 49 
FeggMoy4Crj5 Y2C15B6 (coating) 6.1 —446 1354 0.6 M NaCl 25 50 
HCI 
Feg6.7C7.05i3 3B5.5Ps 7Cr2 3Al2.0M04 5 4.06 -283 1NHCI 25 45 
Annealed at 783 K for: 1h 4.34 310 1NHCI 25 45 
Annealed at 783 K for 4h 5.06 310 1NHCI 25 45 
Annealed at 783 K for 24h 5.67 -312 1NHCI 25 45 
Fe69.9C7.1Si3.3B5.5P3.7M02.5Al2.0Co1.o 4.5 -311 - 1N HCl 25 58 
Fee7.6C7.15i3 3B5.5Ps.7Cr2 3M0 5A]. 0Co1.0 19 —290 E 1NHCI 25 58 
FegoNiaoP14Be 58.91 -176 a 1MHCI 25 53 
FesoNisoP14Bg 41.76 -166 $ 1MHCI 25 53 
HS0; 

Fe69.9C7.1Si3.3 B5.5P8.7M02.5 Al2.0C01.0 6.5 304 - 0.5 M H2SO4 25 58 
Fegz.Cz 15i3 3B5 5Ps.7Cr2 3M0 5 Al 9Co19 2.3 -279 y 0.5 M H250, 25 58 
Feg6.7C7.05i3 3B5.5Ps.7Cr2 3Al2.0M04 5 09 —264 0.5 M H2504 25 45 
Annealed at 783 K for: 1h 24 —298 0.5 M H2504 25 45 
Annealed at 783 K for:4 h 2.50 —302 7 0.5 M H2SO4 25 45 
Annealed at 783 K for:24 h 4.29 -312 0.5 M H2504 25 45 
Fes7.6C71Si3,3B5,5Ps,7Cr12,3Mo25Al2,9Co10 07 -235 E 0.5 M H5S0, 25 58 
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Table 4.1. Cont. 


Ecorr Epit 


Fe-Based BMG ( icon 2) (mV vs. (mV vs. Environment TCO Ref. 
uem. SCE) SCE) 
Fe41C07Cr15Mo14C15B6 Y2 242 —196 - 1M H5S0, 25 63 
Other solutions 
M HSO; +2 
Feq3CrigMo14C15 Bg Y2Co2 1.34 x 10% = 2 ppm F- (H5 80 13 
bubbling) 
M H5S0, +2 
Fea5CrigMo14Ci5Bo Y? 0.68 x 10° - - ppm F (H5 80 13 
bubbling) 
M HSO; +2 
Fe43Cr18Mo14C15Be Y2Ni2 0.57 x 10° - - ppm F- (H5 80 18 
bubbling) 
M HSO; +2 
Fe43CrısMo14C15B6 Y2N2 0.43 x 10° - - ppm F (H5 80 13 
bubbling) 
M HSO; +2 
Feq3CrigMo14Ci5Bg Y2Alo 0.11 x 10? - - ppm F (H5 80 13 
bubbling) 
Fe43.2C028.8B19.2Si4.8Nb4 15 - - 0.5 M Na?S504 25 66 
Fe41.47C027.65 B18.43 Si4.61 Nb3.84Cr4 0.67 0.5 M Na550, 25 66 


4.2. Ni-Based Metallic Glasses 


Ni-based BMGs have drawn wide attention in the last few years due to 
their high strength and toughness, high corrosion resistance, good glass-forming 
ability, and thermal stability [71,72]. Ni-based amorphous alloys showed higher 
corrosion resistance than stainless steels under conditions simulating proton 
exchange membrane fuel cells (PEMFCs) [73]. A variety of Ni-based BMGs 
with excellent corrosion resistance have been developed to date including 
Ni-Cr-P-B(Mo), Ni-Cr-Ta-(Nb)-P-B, Ni-Nb-Ta-P, Ni-Cr-Ta-Mo-P-B, Ni-Ti-Zr-Si-Sn, 
Ni-Nb-Ti-Zr-Co-Cu, Ni-Cu-Ti-Zr-Al, Ni-Ta-(Nb)-Sn, among others. These alloys 
passivated spontaneously and did not show pitting corrosion even in highly 
concentrated solutions [74-78]. Ni-based amorphous alloys such as Ni-Zr-Ti-Si-Sn 
or Ni-Nb-Ti-Zr-Co-Cu were found to be good candidates as coatings in aggressive 
environments for anticorrosion applications [79,80]. In addition, thicker coatings 
showed higher corrosion resistance because of a lower number of through-pores 
with increasing thickness [80]. In addition to chemical composition, the corrosion 
behavior of Ni-based amorphous alloys was found to be dependent on their 
structural homogeneity. 


4.2.1. Effects of Alloying Elements 


Addition of Cr and Mo in different proportions resulted in a wide range of 
corrosion behaviors [74,81,82]. The Niz7-x-yMoxCryNb3P14B6 bulk metallic glass 
system exhibited highest corrosion resistance at x = 5 and y = 8, with a very low 
corrosion current density and a corrosion rate less than 10? mm/year in both HCl 
and NaCl (Table 4.2) [71]. Tungsten addition showed an affect similar to that of 
molybdenum [83]. 
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Table 4.2. EIS results for Ni77_x-yMoxCryNb3P14Be BMGs in 1 M HCI (Rs: solution 
resistance; Rp: polarization resistance; icorr: corrosion current density; Reorr: 
corrosion rate) (data taken from reference [71]). 


Rp (x104 Q icorr (10-6 A R 

" 0, 2 p corr corr 
Niz , ,MoyCr,Nb;PiBg — x y (at. 7) Rs (Q cm’) cm?) cm~?) (mm/year) 

x=7y=0 0.106 0.854 7.38 0.057 

x=8y=0 0.119 1.180 3.49 0.026 

x=9y=0 0.102 0.745 9.91 0.078 

; x=5y=3 0111 1.01 3.35 0.024 

LUMEN olution x=5y=5 0.135 1.98 1.34 «103 

x=5y=8 0.122 2.38 1.10 «107? 

x=8y=3 0.127 1.51 2.50 0.019 

x=8y=5 0.103 1.66 2.03 0.015 


The addition of Cr, Mo, and Ta together was found to be very effective in 
achieving high corrosion resistance. The bi-layer passive film consisted of outer 
stable triple oxyhydroxide, Crj_,-yTax NbyO7(OH)3+2x+2y-2z, and an inner MoO, 
layer acted as a diffusion barrier promoting high corrosion resistance [74,83,84]. 
Palladium addition has also shown a positive effect in terms of improving the 
corrosion resistance of Ni-based BMGs [85]. Niobium and Tantalum were found 
to form Nb- and Ta-enriched passive layers in Ni-based BMGs [78,86-90], with Ta 
addition resulting in better corrosion resistance compared to Nb addition. Nb, Ti, 
and Zr were preferentially oxidized to form enriched films in Ni-Nb-Ti-Zr-Cu BMGs 
when exposed to air. Nb surface enrichment increased due to the easier dissolution 
of Ni when the alloy was immersed in acidic electrolytes (HCl and H550O4) [91]. XPS 
analysis revealed that with increasing Zr in Ni-Nb-Zr, Nb- and Zr-enriched surface 
films formed and hindered the dissolution reactions [75]. Phosphorous was very 
effective among metalloids in reducing the corrosion rate of Ni-based amorphous 
alloys as it acted as a diffusion barrier [92,93]. 


4.2.2. Effects of Structure and Crystallinity 


In addition to the chemical composition of Ni-based BMGs, their microstructure 
has been reported to affect their corrosion behavior. The corrosion resistance 
of Ni-based BMGs was better than their devitrified (crystallized) counterparts 
due to the chemical and structural homogeneity as reported for Ni-10Ta-20P 
and NissNbogTijoZrgCo; alloys [94-96]. However, some partially crystallized 
amorphous alloys exhibited better corrosion resistance. Partial devitrification in 
NissNb39Sn5TisZr5 and Nis5Nb39Sn5Zrj9 BMGs showed superior corrosion resistance 
compared to their fully amorphous counterparts in NaCl solution [72]. In addition, 
NigNb33Zr5 BMG showed inferior pitting resistance than its partially crystallized 
counterpart in HCI [97]. The electrochemical behavior for both NisoZrooTi5Si?Sns 
and Nis3Nba9TijgZrgCogCuz alloys were similar in crystalline and amorphous states, 
indicating that homogenous amorphous structure may not always result in superior 
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corrosion properties [72,78]. This behavior was attributed to the faster formation of a 
protective passive layer due to the accelerated diffusion of passive film formers via 
the amorphous/crystalline interface [98,99]. 


4.2.3. Effects of Test Environment 


Ni-based amorphous alloys have been widely studied in aggressive 
environments where the corrosion resistance was found to depend on solution 
composition, temperature, and pH. Ni-Ta-(P,Sn), Ni-Nb-Zr, Ni-Nb-Ta-P, Ni-Cr-Nb-P-B, 
Ni-Zr-Ti-Si-Sn, Ni-Cr-Mo-Ta-Nb-P, and Ni-Nb-Ti-Zr-Co-Cu metallic glasses showed 
good corrosion resistance in different concentrations of HCI (1 to 12 M HCl) [74-76,80, 
82,83,90,92,100-102]. The corrosion behavior of Ni-based amorphous alloys has also 
been well studied in H2SO, solution [73,87,95,103]. Ni-based BMGs showed excellent 
corrosion resistance in aggressive 1 M H25O4 + 2ppm F^ at 80 °C as well as NaOH 
solutions [104,105]. Overall, Ni-based BMGs showed good corrosion resistance in 
acidic, chloride ions-containing neutral, and alkaline solutions, which makes them 
good candidates for wide ranging structural applications. 


4.3. Cobalt (Co)-Based Metallic Glasses 


Co-based metallic glasses are known for their soft magnetic properties and good 
mechanical behavior including high fracture toughness [106]. Co43Feao las 5B31 5 
metallic glass exhibited high fracture strength of about 5.3 GPa [107]. There are few 
reports on the corrosion behavior of Co-based amorphous alloys. Co43Fe»oTas 5B31 5 
BMG showed very good corrosion resistance in NaCl (corrosion rate of 
5.6 x 107? mm/year), H5SO, (8.3 x 107? mm/year), and HCl (1.3 x 107? mm/year) 
with no pitting in Cl -containing solutions as well as excellent passivation 
behavior [108]. The replacement of Fe by B in this system and the addition of 
Si further enhanced the corrosion resistance. Lower corrosion rates in HCl and 
NaCl have been reported for both Cog? ?B»6,9Sig 9 Tay and Cogs 9B54 7Si5 4 Ta4 BMGs, 
with wide passive ranges [109]. The addition of 8 at. % Cr to Co73 5Si13.5B9Nb3Cu1 
metallic glass shifted the polarization curves towards lower icorr and nobler Ecorr 
in H5SO, and Na55O, solutions, resulting in better corrosion resistance compared 
with Fe-based BMGs [48]. However, the corrosion resistance was still relatively 
low, suggesting that the amount of Cr was not enough to create a stable passive 
film in these solutions [48,110]. The addition of Mo and W increased the corrosion 
stability of Co-based metallic glasses as well [111]. Although most investigations on 
Co-based BMGs were focused on alloy development, a recent study has reported 
their potential for biomedical applications. Cogo-x-yCrxMoyP14B6 (x = 5, y = 5; x = 5, 
y = 10; x = 10, y = 10) BMGs exhibited good corrosion resistance in Hank’s solution 
and artificial saliva for x=y=10. There was an insignificant amount of ions released 
and higher cell viability in these solutions as compared with SS316L and CoCrMo 
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biomedical alloys, indicating good biocompatibility for dental implantation [112]. 
Furthermore, Co-based amorphous alloys exhibited good corrosion resistance in 
phosphate-buffered saline (PBS) solution, making them suitable for biosensors [113]. 

The electrochemical properties of Co-based metallic glasses have been reported 
to be dependent on their thermal history. C073 5Si135B9oNb3Cuı amorphous 
and nanocrystalline alloys displayed better corrosion resistance at lower acid 
concentrations (1 M H2504) compared to their polycrystalline counterparts. However, 
the polycrystalline alloys exhibited better corrosion behavior at a higher concentration 
of H3504. The better immunity of crystalline alloys to corrosion in highly acidic 
environments was attributed to the formation of a surface layer of corrosion products, 
which acted as an effective barrier layer between the material and the aggressive 
environment [48]. Following a similar mechanism, heat-treated Co-Si-B amorphous 
alloys demonstrated very good electrochemical characteristics in NaCl solution, 
which was attributed to the higher diffusion of Si to the surface and formation of 
the protective SiO; film [114]. Different concentrations of the electrolyte affected the 
electrochemical behavior of Co-based metallic glasses in different ways. The corrosion 
rate of C073 5_xSi13.5B9Nb3Cu1Crx (x=0 and 8) metallic glass decreased with increasing 
H»SO, concentration (1, 3, and 5 M) [48]. 


4.4. Copper (Cu)-Based Metallic Glasses 


Cu-based BMGs are typically known for their relatively low cost, high 
glass-forming ability, good thermal stability, and relatively good corrosion 
properties [115]. Since the production cost for these BMGs is relatively low and due 
to their good ductility and strength, Cu-Zr-based BMGss are attractive for biomedical 
applications, microdevices, and bipolar plates compared to metallic glasses based on 
toxic elements such as Be or Ni [116]. However, the formation of highly localized 
shear bands and shear softening are some critical issues specifically in Cu-based BMGs 
that result in catastrophic failure. One of the main reasons for limited utilization 
of Cu-based BMGs is inhomogeneous deformation and brittle failure. In order to 
overcome this challenge, some attempts have been made to develop reinforced BMGs 
via various routes including partial crystallization, particle reinforcement, and in situ 
precipitation [117]. Consequently, most of the corrosion investigations are focused 
on these composite microstructure-based Cu-BMGs. 


4.4.1. Effect of Alloying Elements 


The effects of different alloying elements on the corrosion behavior of Cu-based 
BMGs have been systematically investigated. The addition of 10 at. % Nb to Cu-Hf-Ti 
BMG resulted in a composite microstructure and reduced the corrosion rate of the alloys. 
Through cationic concentration analysis in the passive layer, this improvement was 
attributed to the formation of Nb-, Hf-, and Ti-enriched protective surface films in NaCl 
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and H5SO, + NaCl solutions [117]. Niobium (Nb) addition promoted the corrosion 
resistance of Cuso_xZr45AlsNb, (x = 0, 1,3, and 5 at. %) [118] and Cuss5_,Zrg 9 AI5Nbx 
(x=0-5 at. %) [119] metallic glasses in NaCl and HCl by decreasing Cu concentration 
in the passive film while increasing the fraction of passivating elements [118,120]. Nb 
addition to other Cu-based BMGs including (Cuo.36Z10.48Ag0.08Alo.0s)s5Nb5) [121], 
(Cuo.sZro.3 Tio.1)100-xNbx (x = 0-5 at %) [120,122], and (Cuo.6Hfo.25Tio.15)98Nb2 [123] 
showed the same beneficial effect in terms of corrosion resistance in HCl, NaCl, 
H)SO4, HNO3, and NaOH electrolytes, with the enrichment of Zr, Ti, and Nb and 
lowering of Cu content in the passive film [121]. Simultaneous addition of Ni and 
Nb has been reported to be very effective in reducing pitting susceptibility and 
improvement of pitting corrosion resistance for Cu-Zr-Ti and Cu-Hf-Ti BMGs in 
different solutions [124-127]. 

Another effective passivity promoter is Ti which has been added to many 
metallic glass systems to improve their corrosion resistance. Ti micro-alloying in 
a Cu-Zr-Ag-Al-Ti BMG resulted in lowering of the passive current density and 
increase in the corrosion potential in both H55O, and NaOH [116]. The corrosion 
resistance of CugoZra0 Tiio BMG, which contains two passive elements (Zr and Ti), was 
reported to be relatively high in H2SO4, HNO3, NaOH, and NaCl electrolytes [128]. 
Addition of Mo led to the enhancement in corrosion resistance for CugoZraoTi4o [122], 
CugoHfesTiis [123], and Cua4zZri1Ti34Nigs BMGs [129,130] in various electrolytes 
including HCl, HNO3, NaOH, and NaCl. Mo suppressed the diffusion of Cu or 
Ni to the passive film and formed a Zr-/Ti-enriched protective film [129,131] that 
was structurally denser and more protective than the Cu-/Ni-oxide film. Mo was 
present in the form of MoO; in the inner layer of the passive film and stabilized the 
surface layer [129]. Additionally, Mo changed the shape of potential-time curves in 
both acidic and alkaline solutions and accelerated the formation of a more stabilized 
passive film. Small additions of Ta [122,123], W [130], and Cr [130] along with 
some rare-earth elements such as Y [132], indium (In) [133], lanthanum (La) [134], 
and cerium (Ce) [135] were also reported to enhance the corrosion resistance of 
Cu-based BMGs. 

The influence of partial and complete devitrification of Cu-based metallic glasses 
on their corrosion behavior has been studied extensively. Partial crystallization 
of CusoZr45Al5 BMG led to enhancement in corrosion resistance in different 
solutions owing to the higher diffusion rate of the passive elements for faster 
formation of protective surface film in the presence of amorphous/crystalline 
interfaces. However, there was rapid degradation in corrosion resistance for 
the fully crystallized state [98]. In addition, the Cu475Zr475Al5 BMG composite 
demonstrated superior corrosion resistance in comparison to monolithic glass and 
annealed composite in seawater solution due to the presence of nanocrystalline 
CuZr particles distributed homogeneously in the glassy matrix which accelerated the 
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passive film formation [115]. By a similar mechanism, the (Cug 6Hf9,25Tig.15)99Nb10 
composite showed excellent corrosion resistance in acid- and chloride ion-containing 
solutions [117]. 


4.4.2. Effect of Test Environment 


Cu-based BMGs have been reported to be susceptible to pitting corrosion 
in chloride-containing solutions, while their corrosion resistance in H?5O, and 
HNO; was reported to be relatively better [122,123,125,133,136]. The influence 
of Cl” concentration on the corrosion behavior of Cu-based metallic glasses has 
been widely reported. The passive region of Cu46Zr4? Al;z Ys BMG in NaCl became 
smaller with increasing chloride concentration along with an increase in pitting 
susceptibility [137-139]. Similar results were reported for the corrosion behavior 
of CusoZr2o Ti2o [140], CugoZr30 Ti1o [138], and Cus5Zr35Ti10 [139] glassy alloys in 
both HCl and NaCl. This was attributed to the lower oxygen content in solution 
with increasing chloride concentration resulting in a decrease in the thickness of the 
protective oxide passive film [139]. 


4.5. Chromium (Cr)-Based Metallic Glasses 


Chromium (Cr) is an excellent passivity promoter and Cr-containing BMGs have 
been widely studied in terms of their corrosion behavior in different environments. 
Similar to the effect in crystalline alloys, Cr addition in metallic glass systems has been 
reported to improve their corrosion resistance by stabilization of the protective passive 
film. In the previous sections, the addition of Cr to different Fe-, Ni-, Co-, and Cu-based 
BMGs was shown to improve their corrosion behavior. However, there are limited 
reports on Cr-based BMGs. Increasing Cr content in Cr-Fe-Mo-C-B-Y BMGs resulted 
in an increase in the open circuit potential (OCP) in HCL, indicating high corrosion 
resistance in immersion tests [141]. However, there was a threshold in terms of Cr 
content above which no further improvement in corrosion resistance was observed. 
The electrochemical behavior of Cr459Cos9Nbz7B44 and Crs5gCo29Nb7B14 systems was 
evaluated in HCl and no weight loss was observed for both the alloys even after a long 
duration due to the resistivity of the surface passive film [142]. These limited studies 
show that there is great potential in terms of alloy development for Cr-based BMGs 
as well as characterization of their corrosion behavior in different environments. 
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5. Low-Density Metallic Glassess 


Low-density metallic glasses based on Ti, Mg, Al, and Ca are attractive for 
wide ranging structural applications because of their low density and high specific 
strength and may be particularly suitable for bioimplant applications because of 
their superior mechanical properties and biocompatibility [1,2]. Understanding the 
corrosion behavior of low-density metallic glasses will help in the development of 
next generation alloys where weight constraints and surface degradation resistance 
are critical to meet the design goals. 


5.1. Titanium (Ti)-Based Metallic Glasses 


The electrochemical behavior of different grades of Ti-based bulk metallic 
glasses (BMGs) has been widely studied in acidic, alkaline, and simulated body fluid 
environments [3-6]. Surface wettability is an important consideration for orthopedic 
and dental implants because it controls cell response and affects the cytocompatibility 
of implanted biomaterials [2]. Ti-based BMGs have been reported to be bioactive and 
promote bone growth [7]. In this regard, apatite formation is important in simulating 
nucleation and growth of cells on bio-active implants due to its mineral and chemical 
similarity to natural bone. The interaction between the biomedical implant and 
the tissue includes both the host response as well as implant material response [8]. 
Other considerations include the release of toxic elements and the cost of production. 
Alloying elements such as nickel (Ni), beryllium (Be), chromium (Cr), vanadium 
(V), and aluminum (Al) are known to improve the glass-forming ability of Ti-based 
BMGs. However, these elements are not desirable because of high toxicity [6,9,10]. So 
far, a wide range of Ti-based BMGs have been developed without these toxic 
elements including Ti-Zr-Fe-(Ta, Pd, Nb)-Si [4,9,11,12], Ti-Zr-Fe-Si-Mo-Nb [12], 
Ti-Zr-Cu-Pd [13-15], and Ti-Zr-Cu-Pd-Sn [10,16-18]. These Ti-based BMGs form 
a protective passive film with good corrosion resistance hindering metal-ion 
release and improving biocompatibility [8]. TiggCug7.5Zrj15Co7Sn3Ag,4Si; and 
Ti44,1 Zro gPdo gCuao.3s59n3 o2 Nb» [10] BMGs showed higher corrosion potentials and 
lower corrosion current densities as compared with Ti-6Al-4V in electrolytes such as 
HCI, NaCl, NaOH, PBS, simulated body fluid, and Hank's balanced salt solution [6]. 
All of these alloys exhibited spontaneous passivation in the above mentioned 
environments with a lower passive current density than pure Ti and Ti-6AI-4V. 

The mismatch of Young's modulus between human bone (10-30 GPa) and 
Ti-based BMGs (around 95 GPa) raises concern about stress-shielding. This issue may 
be addressed by synthesizing porous structures as demonstrated for Ti-based BMGs 
using spark plasma sintering process. Corrosion behavior of a porous Ti-based BMG 
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was compared with the bulk non-porous counterpart and commercial Ti alloys [19]. 
Continuous increase in corrosion current density of porous Ti45Zr19Cu3;i Pdj9Sn4 BMG 
in the anodic part of the polarization curve was attributed to crevice corrosion [19]. In 
another study, Ti45Zri9Cua; Pd495n4 BMG powder was synthesized by high-pressure 
argon gas atomization and subsequently, spark plasma sintered (SPS). The sintering 
temperature was found to influence the passivation and pitting potential of the alloy 
in Hank's solution while partial crystallization decreased the stability of the passive 
film [20]. 


5.1.1. Effect of Alloying Elements 


Chemical composition plays an important role in determining the corrosion 
resistance and biocompatibility of Ti-based BMGs. Release of Be, Al, V, Cr, Ni, and Cu 
may lead to toxicity in the human body [9]. Release of Cu from Zrs9Cu43Al; BMG after 
1-day immersion in a cell culture medium (DMEM) was below 50 ppb [21], indicating 
that Cu addition in certain Ti-based BMGs may not be a serious concern. Increasing 
Ti content in Ti-Zr-Si thin film metallic glasses led to the formation of a thick and 
dense protective TiO» layer and high corrosion resistance in SBF [22]. Electrochemical 
studies for Ti-Zr-Cu-Fe-Sn-Si amorphous alloys in PBS revealed that increasing the 
(Ti+Zr)/Cu ratio increased the pitting potential and passive film stability due to the 
formation of a chemically stable and structurally dense protective film of TiO? and 
ZrO; [2]. The presence of Niobium (Nb), Hafnium (Hf), Tin (Sn), and Tantalum (Ta) 
improved the electrochemical properties of Ti-based BMGs in different environments 
due to the formation of a passive film on the surface [5,9,23-28]. The corrosion 
current density of Ti-based BMGs with Ta addition was an order of magnitude lower 
compared to the base alloy without Ta [23]. Ti415Zr2?5Hfs5Cusz7 5Niz 5Sij5n5 BMG 
is one of the best Be-free bulk-glass formers with a large critical casting thickness. 
In addition to excellent biocompatibility, this amorphous alloy showed very good 
corrosion resistance in SBF due to a complex oxide surface film consisting of TiO», 
ZrO», and HfO; [28]. The addition of noble metals like gold (Au) and platinum (Pt) 
to Ti-based BMGs was found to be beneficial in terms of spontaneous passivity and 
enhancement in corrosion resistance [26]. Furthermore, Ti-Zr-Pd-Si glassy alloys 
with Pd addition exhibited better corrosion resistance than pure Ti and Ti-6Al-4V in 
lactic acid and PBS [4]. 


5.1.2. Effects of Structure and Crystallinity 


Partial crystallization of Ti49ZrioCuagPd,4 bulk metallic glass increased pitting 
potential and corrosion resistance as compared to as-cast and fully crystallized 
alloys due to the formation of stable and protective passive films. The formation 
of a nanocrystalline Ti3Cu, phase after annealing of Ti49Zrj9CuagPd44 BMG caused 
the enrichment of Pd in the matrix and promoted the formation of a protective 
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passive film. As a result of the numerous nanocrystals, uniform passivity was 
maintained in the partially crystallized alloy. However, the fully crystallized alloy 
showed the lowest corrosion resistance due to the formation of other phases such as 
Ti?Pd and TigPd3 in addition to Ti3Cu,, which resulted in micro-galvanic corrosion 
between Cu-rich and Pd-rich phases [29,30]. In another study, nano-crystallized 
Ti42Zr495i151as metallic glass with different degrees of «-Ti nanophases displayed 
enhanced pitting and corrosion resistance [31]. Galvanic corrosion did not occur in 
the partially crystallized Ti-based BMG with «-Ti nanocrystalline phase because «-Ti 
was inert and did not change the homogenous structure of the passive film. 


5.2. Ti-Based Bulk Metallic Glass Composites 


To improve the tensile ductility and toughness of bulk metallic glasses, in situ 
BMG composites have been developed consisting of crystalline dendrites in an 
amorphous matrix to arrest the propagation of shear bands and prevent catastrophic 
failure [32]. However, the presence of a crystalline second phase in the amorphous 
matrix has been reported to reduce the corrosion resistance of the alloys due to 
galvanic coupling and surface heterogeneities which act as initiation sites for localized 
corrosion [33]. To date, several Ti-based BMG composites have been developed, but 
there are limited reports on their corrosion behavior [3,32-35]. In a recent study, 
various amounts of Nb was added to TissZrieBe2oCu1oNig metallic glass alloy to 
stabilize a crystalline ß-phase [33]. The composition variation directly affected the 
corrosion current density of the BMG composite in H55SO, at 80 °C. Potentiodynamic 
studies showed that the best corrosion behavior was seen for the composite containing 
10 at. % of Nb. A higher fraction of Nb (15 at. %) led to second phase inhomogeneity 
in the amorphous matrix, decreasing the corrosion resistance [33]. A reduction in 
corrosion resistance for alloys with higher Nb content was related to preferential 
dissolution of the matrix due to the galvanic effect between the matrix and the 
dendrite phase. Early transition metals (V, Ta, Nb) have been added to Ti-based 
BMGs to form quasi-crystalline phases and bulk metallic glass matrix composites 
(BMGMCs). The Ti-Zr-Be-Cu-Ni amorphous alloy with the addition of V/Ta/Nb 
exhibited better corrosion resistance in the potential range up to 1.5 V vs. SCE in 1 M 
H550, +2 ppm F^ at 80 °C while at higher potential ranges, Ti-6Al-4V showed better 
corrosion resistance. The alloy with 3 at. % Ta had the best corrosion resistance due to 
the formation of a strong and stable passive layer retarding the detrimental effect of 
inhomogeneity introduced by the presence of i-phase [32]. The corrosion parameters 
of these alloys obtained from potentiodynamic polarization tests in H?SO, at 80 °C 
are summarized in Table 5.1 [32]. 
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Table 5.1. 


Corrosion current density (icorr), corrosion potential (Ecorr), 


and polarization resistance (Ry) of Ti-Zr-based BMGs with the addition of V, 
Ta, and Nb, in comparison with a Ti-Al-V crystalline alloy, obtained from 


potentiodynamic polarization in 1 M H5SO, + 2 ppm F^ with air bubbling [32]. 


Alloy Compositions icon: (HA/cm?) Ecos (V) Ry (ohm) 

Ti49Zroo9Be16 CugNiz 5.46 + 1.03 —0.216 + 0.0184 2254.0 + 128.69 
(TigaoZr29Be16 CugNi7)g9 V4 8.66 + 1.80 —0.127 + 0.0163 366.0 + 113.14 
(TigoZr29 Be16Cug Ni7z)97 V3 8.11 + 0.54 —0.249 + 0.0141 1298.8 + 619.78 
(TigoZr29 Be16Cug Ni7z)95 V5 7.04 + 1.73 —0.240 + 0.0324 1551.67 + 565.34 
(Tiago Zr29 Be16 Cug Ni7z)97Ta3 4.26 + 1.19 —0.284 x 0.0007 1079.0 + 213.55 
(TigoZr29Be16 CugNiz)o5 Nbs 6.31 € 2.47 —0.223 + 0.0396 3003.5 + 419.31 


Tig6.20Al10.20 V 3.60 


599.5 + 236.88 


—0.745 + 0.0488 


8.7 + 4.38 


The corrosion potential and current density of Tie2Zrı2V13Cu4Beg, 
TisgZr1g V49Cu4Bej5, Ti46Zr;oV 4? CusBejz, and Ti49Zr24V 15» CusBe19 bulk metallic glass 
matrix composites in NaCl solution shifted to more positive values with increasing Ti 
and became more negative with decreasing Zr and Be. Cracks were formed around 
the second phase in the amorphous matrix suggesting that the amorphous matrix was 
more vulnerable to corrosion attack. The matrix was depleted of elements such as Ti 
and contained a higher fraction of Beryllium (Be) in comparison to the crystalline 
dendrites. This promoted local galvanic coupling followed by selective dissolution of 
Be and subsequent crack formation around dendrites. Tig;Zr1? V43Cu4Beg BMGMC 
was more resistant to selective corrosion of the amorphous matrix due to the higher 
amount of Ti that formed a protective Ti-enriched oxide film [36]. Table 5.2 is a 
summary of the corrosion results for different Ti-based BMGs in various environments. 


Table 5.2. Corrosion behavior of Ti-based BMG alloys in different environments. 


Eco (mV Epit (mV 


lcorr 


Ti-Based BMG (uA/cm?) vs. SCE) vs. SCH) Environment TCO Ref. 
TisoCu2sNi15Sn7 (0% CNT) 18.07 -273 249 Hank’s 37 [3] 
TisoCu2sNi15Sn7 (4% CNT) 33.55 -276 - Hank’s 37 [3] 
TisoCu2sNi15Sn7 (8% CNT) 23.95 —328 - Hank's 37 [3] 
TisoCu2sNi15Sn7 (12% CNT) 10.58 -276 - Hank’s 37 [3] 
Ti47CussZr; 5Fe» 5Sn2Si; Ago 0.65 -110 990 PBS 37 [37] 

Tig6Cu>7.5Zr11.5C07Sn3Si1 Aga 268 -270 - PBS 37 [6] 
Ti45Cu»7 5Zr11,5CozSn3Si1 Ag4 201 —151 - 0.15 M NaCl 25 [6] 
Ti45Cu»7 5Zr11.5CozSn3Si1 Aga 155 —289 - 1MRCI 25 [6] 
Ti45Cu»7 5Zr11,5CozSn3Si1 Ag4 143 —345 - 1M NaOH 25 [6] 
Ti4o CuscPd14Zr:10 (thin film) 0.76 -177 - SBF 37 [38] 
Tias (Zr-Be-Cu-Ni)soNbs 253 -259 - 1M H250; +2 ppm F- 80 [33] 
Tias (Zr-Be-Cu-Ni)45Nb10 22.9 -246 - 1M H5S0, +2 ppm F- 80 [33] 
Ti45(Zr-Be-Cu-Ni)49Nb15 25.1 —266 - 1MH3SO, +2 ppm FT 80 [33] 
Ti415Cu437Hf45.9Si11 i -165 - NaCl 25 [5] 
Ti4153Cu4537Hf15,9Si11 —624 - Hank's 25 [5 
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Table 5.2. Cont. 


Ti-Based BMG (uAfem?) N eM Environment TCO Ref. 
TigoZt29Be16CugNiz 5.46 -216 - 1M H250; + 2 ppm FT 80 32 
(TigoZr29Be16 CusNi7)og V1 8.66 -127 - 1M H250; +2 ppm FT 80 32 
(TigoZr29Be16 CusNi7)g7 V3 8.11 —249 - 1M H250; + 2 ppm FT 80 32 
(TigoZr29Be16 CusNir)os V5 7.04 —240 - 1M H250; + 2 ppm F- 80 32 
(TiaoZr29 Be16 Cug Ni7z)97Ta3 4.26 —284 - 1M H250; + 2 ppm FT 80 32 
(TiaoZr29 Be16 Cug Ni7)95Nbs 6.31 —223 - 1M H250; + 2 ppm FT 80 32 
TisoZr35Cuy7Sg ipass =7.5i  ~-300 ~900 
TisoZr25Cu17S8 Pass — 67  ~—300 ~1000 DEMNSC 2 = 
TiaoZr24 V12CusBeıg 2.25 —328 - 10% H2504 25 34 
TiaoZr24 V1? CusBe19 8.32 —1445 - 40% NaOH 25 34 
TiaoZr24 V1? CusBe19 6.40 —469 - 0.6 M NaCl 25 34 


5.3. Magnesium (Mg)-Based Metallic Glasses 


Magnesium and its alloys are very attractive as biodegradable implant materials 
and show excellent biocompatibility, low density, and an elastic modulus close 
to the human bone [40]. Mg-based BMGs have recently attracted attention as 
biodegradable implant materials [41]. Mg-Zn-Ca BMGs with varying proportion of 
each element show unique and attractive attributes for biomedical applications [1,40, 
42-44]. This system consists of non-toxic elements [41] and represents a great choice 
as a biodegradable bone tissue scaffold material [45]. The results of cytotoxicity and 
cell culture tests confirmed higher cell viability in Mg-Zn-Ca BMGs compared to 
crystalline Mg alloys [43]. The effect of each of the three components (i.e., Mg, Zn, 
and Ca) on corrosion behavior of the alloys was analyzed through potentiodynamic 
polarization experiments. Mg alloys with the lowest Ca content (i.e., 4-6 at. %) 
had the lowest corrosion current density and good passivation characteristics, while 
no passivation was observed when Ca content exceeded 50 at. %. The addition of 
Zn increased the charge transfer resistance of the alloy and improved its corrosion 
resistance [46]. The Zn-rich MgeoZna5Cas amorphous alloy exhibited a lower 
corrosion rate compared with MgagZn3oCa, in SBF [41]. MgasZnaoCa4 showed 
more uniform corrosion than MgzoZn»5Cas [43], indicating that higher Zn content 
improved the corrosion resistance. A porous crystalline Zn layer was present on the 
surface of low-Zn containing alloys whereas a dense Zn and oxygen-rich amorphous 
layer was formed for Zn-rich alloys [42]. The lower corrosion rate of the Mg¢9Zng5Cas 
alloy was attributed to the presence of CaMg» and CaZn intermetallic phases. CaZng 
formed CaZn; (PO4)5.2H50 in SBF which is insoluble in the medium and enhanced the 
corrosion resistance of the alloy. Additionally, CaMg» was able to reduce the corrosion 
rate in the presence of Zn [41]. However, high Zn content was found to reduce the 
glass-forming ability of the Mg-Zn-Ca amorphous alloys. In electrochemistry and 
corrosion studies, Pourbaix diagrams map out possible stable phases for different 
redox states of all elements in an alloy as a function of pH. These plots can predict 
the stable redox species formed on the surface as a function of potential and pH in 
aqueous solutions. The stability regions typically consist of immunity, corrosion, and 
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passivation, which are generally depicted with solid lines, while the water redox 
reactions (water stability window) are plotted as dotted lines. The Pourbaix diagram 
for a specific Mg-Zn-Ca alloy in Figure 5.1 shows the formation of Zn hydroxide at 
high potentials and pH of ~7.4. ZnO and ZnCO surface films are formed at higher 
pH which reduces hydrogen gas evolution [42]. The primary passivation occurs via 
the formation of Mg(OH)2, Zn(OH)2, Ca(OH)2, and ZnO»-containing films on the 
surface. The presence of MgO and Mg(OH); surface films for MgggCuao Yıo BMG 
after immersion in NaCl was confirmed by X-ray photoelectron spectroscopy (XPS) 
analysis, although it showed low stability in the presence of Cl” ions and dissolved 
gradually with the formation of MgCl, [47]. 
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Figure 5.1. Potential-pH (Pourbaix) diagram for MgegZn3oCa, alloy (Redrawn 
using data from reference [41]). 


5.3.1. Effect of Alloying Elements 


The addition of Ti and Cr to a Mg-based BMG, specifically the 
(Mg¢5Cu29 Y10Zn5)ogM2 (M=Ti, Cr) alloy system, showed lower passive current 
density and increased corrosion potential in the CI -containing solution due to the 
formation of a more homogenous protective surface layer. However, the addition of 
Ti and Cr reduced the glass-forming ability of the alloy [48]. The addition of Yttrium 
(Y) improved the corrosion resistance of the Mg-Cu amorphous alloy system in 
NaCl [47]. MgesCuz 5Niz 5AgsZnsGds5Ys BMG in alkaline solution (NaOH) formed 
a passive layer consisting of Mg(OH) with the presence of other elements such 
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as silver (Ag), rare-earth elements (RE), and Ni [49]. The addition of ytterbium 
(Yb) to MgZnCa BMGs not only enhanced their ductility but also improved in vitro 
biocompatibility [50]. The addition of lithium (Li) to Mg-Zn-Ca BMG, specifically 
the Mg¢e- xLixZnggCay (x = 2,3, 4, and 5 at. %) alloy system, showed significantly 
improved corrosion resistance in SBF with an increase in Li content [51]. Immersion in 
SBF led to the formation of Mg(OH)2, LiOH, and Ca(OH) surface passivation 
layers. Mg(OH)> is porous and dissolves in chloride-containing solutions [52]. 
However, hydrolysis of Li increased the local pH value which in turn stabilized the 
Mg(OH); film, indicating potential use of this alloy system as a biomedical implant 
material [51]. Micro-alloying Mg-BMGs with Ni, Sr, Pd, and Ag also enhanced 
corrosion performance [52-56]. 


5.3.2. Effect of Structure and Crystallinity 


There is limited understanding in terms of the electrochemical properties 
of Mg-based amorphous alloys compared with their crystalline counterparts. 
The corrosion behavior of the Mge5YıoCu2s amorphous alloy was found to be 
superior compared to the crystalline alloy with the same composition in borate 
buffer solution (pH=8.4) and NaOH solution (pH=13) due to heterogeneity and 
galvanic coupling in the crystalline alloy [57,58]. The same behavior was reported 
for Mg65Y19CuisAgio [55]. On the other hand, partially crystallized Mg-Zn-Ca alloy 
showed the best corrosion performance in terms of pitting resistance, whereas the fully 
amorphous alloy showed the highest pitting susceptibility [59]. The Mgg9Zn35Cas 
and MggsZnaoCa, alloys showed better corrosion performance in their partially 
crystallized state compared to a fully crystallized state which was attributed to the 
formation of a more protective passive film [41]. 


5.3.3. Mg-Based Metallic Glass Composites 


Brittle failure of Mg-based BMGs limits their widespread use. Therefore, 
Mg-based bulk metallic glass matrix composites (BMGMCs) with crystalline 
phases distributed in the amorphous matrix have been developed. 
(Mgs5Cu10Ni10Y10Zn5)91 Zro BMGMC showed slightly lower corrosion resistance 
than monolithic Mg-based BMGs but significantly better than crystalline magnesium 
alloys, since it contained large amounts of alloying elements facilitating passive film 
formation [60]. In another investigation, MgsgoZn»7Ca4 BMGs reinforced with ductile 
Fe particles (MggoZn»7Ca,/Fe) spontaneously passivated with a wide passive region 
at a low passivation current density in NaCl solution, showing better corrosion 
resistance compared with AZ31 and pure Mg [61]. 
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5.4. Calcium (Ca)-Based Bulk Metallic Glasses 


Ca-Mg-Zn alloys are the most studied Ca-based BMGs due to their low density, 
low cost, and elastic modulus similar to the human bone [45,62]. However, these 
alloys are susceptible to high reactivity and fast degradation in most environments. 
Therefore, some form of surface modification [45] and/or compositional and structural 
changes [1,63,64] become necessary to make potential use of this alloy system. 
Ca-based amorphous alloys such as Ca-Mg-Cu, Ca-Mg-Zn, and Ca-Mg-Ag-Cu 
were first reported in 2002 [65-67]. Cags5Mgi5Znz9 exhibited rapid corrosion and 
spallation of corrosion products such as Ca(OH)», Ca[Zn(OH)3]2.H2O, and CaaZn. 
The CasoMg»oCuso amorphous alloy showed minor weight gain with parabolic time 
dependence due to oxide layer formation followed by rapid weight loss due to 
corrosion product spallation. However, the addition of Cu improved the corrosion 
resistance of this alloy system in distilled water with the formation of a three-layer 
protective oxide film in the Cas5MgisZn41Cu46 amorphous alloy [63]. In addition, 
the five-component Ca55Mg;5AÀl119Zn45Cus amorphous alloy demonstrated much 
better corrosion behavior in the aqueous environment compared to CagsMg15Zn0, 
Cas59MgooCuao, and Ca55Mg1sZn11Cu1e, indicating that the corrosion resistance of 
Ca-based BMGs may be significantly improved through alloying with Zn, Cu, and 
AI [63,68]. The addition of Li also improved the corrosion resistance of Ca-Mg-Zn 
metallic glasses [69]. 


5.5. Aluminum (AD-Based Bulk Metallic Glasses 


Al-based amorphous alloys show outstanding mechanical properties such as 
high specific strength and good plasticity under compression, low density, and 
good corrosion resistance [70]. Attempts to develop Al-rich BMGs for engineering 
applications have been largely unsuccessful due to the poor glass-forming ability 
of these systems [71]. Recently, a new class of Al-based BMGs with Al content of 
14-40 at. % was developed with the addition of rare-earth elements such as La, Ce, 
Gd, Y, and Er [72]. However, there are no reports on the corrosion behavior of these 
amorphous alloys. Despite the initial interesting findings on the corrosion resistance 
of Al-based glassy ribbons, such as those containing transition metals (TM) and 
rare-earth elements [70,73,74], there is large scope for the development of new alloys 
and detailed investigations on their corrosion characteristics. 
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6. Noble Metal- and Rare-Earth-Based 
Metallic Glasses 


6.1. Noble Metal-Based BMGs 


A number of noble metal-based bulk metallic glasses (BMGs) have been 
successfully developed over the years, including Au-, Ag-, Pd-, and Pt-based alloys. 
Many of these compositions have good glass-forming ability, thermal stability, high 
strength, and good corrosion resistance [1-5]. In particular, some of the Pd-based 
BMGs demonstrate excellent glass-forming ability [6] and can be produced in bulk 
form with diameters up to 76 mm [7]. These alloys showed high activity in anumber 
of catalytic reactions due to uniform distribution of unsaturated active sites on 
their surface [8]. Their catalytic activity has been correlated with work function, 
which is a measure of surface charge transfer and may influence the corrosion 
rate. Thermoplastic processing has been utilized for certain Pd-based BMGs for 
applications in microelectromechanical systems (MEMS) [9], electrocatalysis [10], 
and biomedical implants [11]. Recently, a quaternary Pd79Au1 5Ag3Si16.5 BMG with 
critical casting thickness of 3 mm was developed with corrosion resistance better 
than SUS316L in HCl and H5SO, attributed to stable surface passivation layer [6]. 
Bulk glass forming Pd43Ni10Cu27P20 alloy exhibited lower corrosion rates than 316L 
SS, Ti-6Al-4V, and Co-Cr-Mo alloys in HCl and was virtually unaffected during 
immersion tests in saline (NaCl) or strong alkaline (NaOH) electrolytes [12]. Since Cu 
and Ni are more electro-active than Pd, their selective dissolution occurs faster 
when the alloy is immersed in an appropriate electrolyte leading to a nano-porous 
Pd-P surface layer. This selective leaching or dealloying process has been utilized 
in Zr-based BMGs [13], Pt-based BMGs [10], as well as Ni-based alloys [14] for 
electrocatalysis and other surface functionalization applications. 

A comparison of corrosion behavior for amorphous and crystalline Pd49Ni49P2o 
in different electrolytes showed lower corrosion current density (lower corrosion rate) 
for the crystallized state in all electrolytes studied (NaCl, HCl, H55O,, and HNO3) 
as compared to the fully amorphous state [7]. This was attributed to the formation 
of inert and corrosion-resistant phosphides on the alloy surface. Similar results on 
corrosion behavior were reported for some Fe-based BMGs as well [15,16]. On the 
other hand, crystallized Pd4g5Fe17Co16,79i15 4B47 and Pds1 4Fe1gCo185i41 4B15 alloys 
in de-aerated buffer solution showed higher corrosion rate compared to the cast 
glassy alloys due to high defect density in the passive film of the annealed samples 
and galvanic coupling [17]. 
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6.2. Rare-Earth Elements-Based BMGs 


Recently, numerous investigations have been conducted on rare-earth (RE)-based 
amorphous alloys due to their good glass-forming ability, low glass transition 
temperature (Tg), and excellent physical and chemical properties including hydrogen 
storage characteristics, high thermal stability, magnetic/magneto-optical properties, 
corrosion resistance, and excellent mechanical properties [18,19]. La-based [20], 
Nd-based [21], Pr-based [22], Ce-based [23], and Gd-based [24] BMGs have been 
developed successfully so far with good thermal stability and mechanical properties. 
However, fewer investigations have focused on their chemical and electrochemical 
properties such as corrosion, reactivity, and oxidation behavior. 

Corrosion studies for Pr-Cu-Ni-Al BMGs in NaCl solution [25] showed lack 
of passivation in the Cl--ion environment. The dissolution rates in anodic 
over-potentials were high for all the samples. Furthermore, the alloys with higher 
GFA demonstrated higher corrosion resistance and the compositions with higher Cu 
content showed lower oxidation resistance. For Prg9Fe39_x.TMxAlig (TM = Mn, Ni, 
Cu, Ti; x = 0, 5 at. %) BMG in NaCl solution [26], the corrosion resistance increased, 
moving from PreoFe25Mn5Aljo to PregFe25TisAlio, while the Mn-containing alloy 
showed the highest GFA. 

Strontium (Sr)-based BMGs are attractive for biodegradable implant 
applications [27]. They exhibit low modulus, low density, low Tz, and good chemical 
stability [28]. Some Sr-based BMGs such as SrggMgisZn»? and SrggLisMgi5Znoo 
showed fast degradation rates in deionized water [28] indicating limited use. 
However, certain compositions such as Sr49MgooZn45YbogCus showed good 
stability [27] and better corrosion resistance compared to CaggMgi15Zno5 BMG, 
conventional Mg, and Mg alloys in Hank’s solution with satisfactory cell viability and 
biocompatibility. This was attributed to the presence of Yb and Cu. Yb-containing 
BMG has also been reported to be chemically stable in deionized water with a 
reasonable degradation rate in Hank's solution [29]. 

Gd-based BMGs represent another RE-based amorphous system with unique 
magnetic and magneto-optical properties [30-32]. High temperature annealing 
has been shown to improve the corrosion behavior of RE65C025Alio (RE=Gd, Ce, 
La, Pr, and Sm) BMGs [33] attributed to annihilation of excess free volume and 
formation of a dense surface oxide layer. Pre-compression at room temperature 
has also been shown to improve the corrosion behavior of Gd-based BMGs [34]. 
In addition to annealing, superheating treatment before casting has been shown 
to influence the corrosion behavior of Gds55Al25Cuj9Co 9 BMG [32]. Increasing the 
superheat temperature reduced the degree of local ordering and improved the 
glass-forming ability (GFA) as well as corrosion resistance. XPS analysis confirmed 
the presence of corrosion-resistant Gd-, Al-, Cu-, and Co-oxides after immersion in 
NaCl solution. Additionally, re-melting treatment improved the corrosion behavior 
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of GdscAbsCo4s and Sm56Al26C018 amorphous alloys due to free volume reduction 


and homogenization [35]. The Yb-Ca-Zn-Mg system is another recently developed 
RE-based BMG in which the presence of Yb and Ca shifted the corrosion potential to 
nobler values and lowered corrosion current density in Na?5O, [36]. So far, many new 
BMGs have been developed with minor addition of RE elements including Sc, La, 


Ce, Nd, Sm, Er, Ho, Tb, Gd, Yb, and Lu resulting in good mechanical and magnetic 
properties [37]. 
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7. Concluding Remarks 


Numerous bulk metallic glasses (BMGs) with excellent mechanical and 
electrochemical properties have been developed and investigated so far. Among the 
known bulk glass formers, Fe-based, Ti-based, and Zr-based BMGs have shown 
great potential for biomedical applications with the corrosion resistance of certain 
compositions being better than conventional biomedical alloys such as stainless 
steel and Ti-6Al-4V. Owing to their homogenous structure free from microstructural 
defects common in polycrystalline materials, metallic glasses generally show high 
resistance to corrosion and pitting. Protective surface layers have typically been 
reported for metallic glasses containing passive film forming elements such as Cr, 
Mo, and Co. Although recent research has significantly advanced understanding 
on the corrosion behavior of amorphous alloys in different environments, there are 
several open questions and key issues that require further investigations. Some of 
the key remaining questions are listed below. 

1. Long-term corrosion studies for BMGs in different environments including 
electrolytes mimicking the physiological environment are missing. This is critical 
in evaluating their worthiness in structural applications, including their use as 
biomedical implant materials. 

2. There are very limited studies on stress corrosion cracking (SCC) and 
the fatigue behavior of bulk metallic glasses in different corrosive environments. 
More systematic studies are needed for comprehensive understanding of corrosion 
behavior during mechanical loading of BMGs. 

3. There are very limited studies on the corrosion behavior of Al-based BMGs, 
noble metal-based BMGs, and rare earth element based BMGs. Understanding the 
electrochemical behavior of these alloys could make them potentially attractive for 
various functional applications. 

4. Difference in cooling rate across the cross-section of cast BMG samples may 
result in a different structural state of the glass as well as residual stresses. How the 
structural state of an amorphous alloy in terms of its free volume affects its corrosion 
behavior is not well understood and requires systematic studies. 

5. In addition to monolithic amorphous alloys, bulk metallic glass matrix 
composites (BMGMCs) have attracted lot of interest in recent years. BMGMCs consist 
of crystalline dendrites in an amorphous matrix that results in exceptionally high 
fracture toughness. However, there are no systematic corrosion studies in these 
multi-phase alloys, which may show quite complex electrochemical signature. 
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Understanding the passivation mechanisms in these multi-phase systems may 
require advanced surface characterization techniques. 

6. While there are a lot of studies related to the small-scale mechanical behavior 
of metallic glasses, there are very few reports on local electrochemical measurements 
in these systems. Measurement of the local electrochemical activity of BMGs with 
site-specific methods such as scanning electrochemical microscopy (SECM) and 
scanning kelvin probe (SKP) may provide valuable insights into the mechanism for 
corrosion initiation in these amorphous alloy systems. 

7. There are very few studies on simulation and modeling of corrosion 
behavior in amorphous alloys. Molecular dynamics studies may help in fundamental 
understanding in terms of the effect of chemistry and structure on the electrochemical 
behavior of BMGs. 
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